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ABSTRACT OF DISSERTATION 
 
 
OPTICAL SEED SORTER-BASED SELECTION  
LOWERS DEOXYNIVALENOL ACCUMULATION  
IN SOFT RED WINTER WHEAT 
 
 
Fusarium head blight (FHB) of wheat (Triticum aestivum L.) results in discolored grain 
contaminated with deoxynivalenol (DON). DON accumulation, an indicator of FHB 
resistance, can be quantified and used as the basis for direct phenotypic selection, but 
testing is expensive. The primary objective of this study was to evaluate an optical seed 
sorter as an alternative to DON testing for FHB resistance breeding. Three hundred F4 
derived soft red winter wheat (SRWW) breeding lines were grown in an inoculated FHB 
nursery over several years in Lexington, KY. Grain from each breeding line was sorted 
using an optical seed sorter calibrated to reject scabby (discolored) and accept non-scabby 
kernels. The percentage of fusarium damaged kernels estimated with the optical sorter 
(FDKos) was recorded for each breeding line, and accepted seed was used to plant 
subsequent generations. DON was lowered each cycle of optical sorter-based selection 
(lines with low FDKos were selected). Breeding lines were genotyped at loci on 
chromosomes 3BS, 2DL, and 5A using the following DNA markers: TaHRC, CFD233, 
and GWM304. Each cycle of optical sorter-based selection increased the percentage of 
lines with the resistant genotype at TaHRC. In other words, the sorter selected lines with 
Fhb1, a major effect FHB resistance QTL. Optical sorter-based selection also enhanced 
FHB resistance in several different marker genotype combinations. To evaluate optical 
sorter-augmented genomic selection (OSA-GS) for lower DON accumulation, six hundred 
thirty-eight University of Kentucky (UKY) breeding lines were genotyped using 
genotyping-by-sequencing (GBS) and grown in the FHB nursery. One hundred twenty of 
the F4 derived lines were also genotyped using GBS. FDKos data from the 120 F4 derived 
lines was used to train a genomic prediction model. Genomic estimated breeding values 
(GEBVs) for FDKos were computed for the UKY lines, then lines were selected based on 
FDKos GEBVs. OSA-GS lowered DON; moreover, using previously published cost 
estimates for the price of an optical sorter, DON analysis, and GBS, we determined that 
OSA-GS required less financial investment than direct phenotypic selection. Taken 
together, our findings indicate that the optical seed sorter has efficacy as a tool for FHB 
resistance breeding in SRWW. 
 
 
KEYWORDS: optical seed sorter, deoxynivalenol (DON), fusarium head blight (FHB), 
fusarium damaged kernels (FDK), wheat, genomic selection (GS). 
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CHAPTER 1. LITERATURE REVIEW 
1.1 Introduction 
Wheat (Triticum aestivum L.) has been one of the most consumed staple crops since its 
domestication around 10,000 years ago (Eckardt, 2010). It is estimated that wheat provides 
approximately 19% of daily caloric needs worldwide (Shiferaw et al., 2013). As the global 
population continues to rise, human dependence on staple crops like wheat will also increase. The 
Foreign Agricultural Service (FAS) a division of the United States Department of Agriculture 
(USDA) reported global consumption of wheat was over 730,000,000 metric tons in the 2018/19 
marketing year, (USDA FAS, 2019), over 740,000,000 metric tons in the 2019/2020 marketing 
year (USDA FAS, 2020), and is projected to be almost 760,000,000 metric tons in the 2020/2021 
marketing year (USDA FAS, 2021). Furthermore, a 60% increase in demand for wheat is expected 
over the next three decades (Shiferaw et al., 2013).  
Plant diseases are major hurdles in the way of meeting the increased demand for secure, safe, 
high-quality wheat. Yield reduction and grain contamination caused by head scab threatens food 
security, diminishes food safety, and reduces food quality (Bai and Shaner, 1994; McMullen et al., 
1997; Agostinelli, 2009; Agostinelli et al., 2011; Spanic et al., 2017). Therefore, mitigating 
contamination and other grain quality issues via genetic resistance, is a major goal of wheat 
breeders. 
1.2 Fusarium head blight 
Fusarium head blight (FHB) threatens wheat production by reducing yields and 
contaminating grain with mycotoxins. Also called head scab, FHB is a fungal disease of wheat 
caused by Fusarium graminearum (Walter et al., 2010; Buerstmayr and Lemmens, 2015). The 
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asexual stage of the fungus produces macroconidia (asexual spores) that are splash dispersed and 
serve as inoculum for infection (Sutton, 1982; Schmale and Bergstrom, 2003). The sexual stage of 
the fungus produces ascospores that are forcibly dispersed by dark blue perithecia (Sutton, 1982; 
Schmale and Bergstrom, 2003). Ascospores (sexual spores) serve as the primary source of 
inoculum (Trail, 2009). Primary infection occurs during or just prior to flowering, and can progress 
rapidly in high humidity and temperatures near 25o C (Walter et al., 2010). Infection typically 
begins in the florets located on the middle portion of a wheat spike where flowering initiates. 
Infected spikelets prematurely bleach and turn a pale color on an otherwise green head. Diseased 
kernels are less dense than healthy kernels, and severely diseased kernels are expelled along with 
chaff during combine harvest (Bai and Shaner, 1994; Agostinelli, 2009; Agostinelli et al., 2011). 
If infection is early enough, grain development can be prevented entirely (Audenaert et al., 2013). 
Both scenarios can result in significant reductions in grain yield. Damaged kernels also decrease 
market value due to reduced test weight and flour yield (McMullen et al., 1997). 
In addition to yield reduction, FHB infection results in damaged discolored grain 
contaminated with several mycotoxins (Trail, 2009; Sobrova et al., 2010). There are over 140 
known metabolites produced by members of the Fusarium genus, making it one of the largest 
groups of mycotoxins; interestingly, F. graminearum is one of the species most associated with 
production of harmful mycotoxins (Sobrova et al., 2010). The fungus is ubiquitous in cereal crops 
and leads to accumulation of deoxynivalenol (DON), nivalenol, and T-2 toxin in grain (Peiris et 
al., 2009; Sobrova et al., 2010; Audenaert et al., 2013). DON is the best known and most 
problematic in wheat, (Jansen et al., 2005; Zhang et al., 2012). DON is often referred to as 
vomitoxin, due to the acute and chronic disease symptoms that develop after consumption of 
contaminated grain. As a result, health organizations around the world have placed stringent 
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regulations on DON levels in wheat products for both direct human consumption and feedstock 
sources for animals (Bai and Shaner, 2004). Current advisory levels for DON are: 1 ppm in finished 
wheat products for direct human consumption such as flour, 10-30 ppm in feedstock for 
consumption by ruminating animals, 10 ppm for chicken feedstock with an additional 
recommendation that it makes up no more than 50% of the diet, 5 ppm in swine feed and no more 
than 20% of the diet, and 5 ppm in all other animal feed produced from wheat grain or grain by 
products and no more than 40% of the animal’s total diet (Aakre et al., 2005). Unfortunately, no 
management practice has provided complete suppression of FHB infection, with the best providing 
no more than 54% DON control (D’Angelo et al., 2014; Zhu et al., 2019). Better genetic resistance 
to FHB is the most promising solution to DON accumulation in grain. 
FHB resistance in wheat is a complex quantitative trait strongly influenced by the 
environment, which makes breeding for increased resistance to FHB and decreased DON 
accumulation more challenging than single-gene resistant traits (Campbell and Lipps, 1998; Van 
Sanford et al., 2001). Although breeding for enhanced FHB resistance is difficult, suitable sources 
of resistance are available. FHB resistance quantitative trait loci (QTL) have been identified on all 
21 wheat chromosomes (Steiner et al., 2017). Fhb1 and Qfhs.ifa-5A, both of which were derived 
from ‘Sumai-3’, are two of the strongest and best-validated FHB resistance QTL (Bai et al., 1999; 
Waldron et al., 1999; Anderson et al., 2001; Buerstmayr et al., 2003).  
Fhb1 was first called Qfhs.ndsu-3B and later renamed (Waldron et al., 1999; Liu et al., 2006; 
Agostinelli et al., 2011). Fhb1 is a major effect QTL that confers strong Type II resistance to FHB 
in wheat (Bai et al., 1999; Cuthbert et al., 2006; Petersen et al., 2017; Steiner et al., 2017; He et 
al., 2018; Zhu et al., 2019). Qfhs.ifa-5A contributes mainly to Type I FHB resistance (Buerstmayr 
et al., 2003; Steiner et al., 2019). Qfhs.nau-2DL, identified in the breeding line CJ9306, is another 
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large effect FHB resistance QTL (Jiang et al., 2007a; Jiang et al., 2007b; Steiner et al., 2017). 
Qfhs.nau-2DL contributes to both Type I and II resistance (Agostinelli et al., 2011; Lu et al., 2013; 
Yi et al., 2018). Type I FHB resistance is defined as resistance to initial infection, whereas Type 
II is defined as resistance to disease spread within infected heads (Mesterhazy, 1995; Mesterházy 
et al., 1999).  
Wheat breeders have been successful at incorporating exotic sources of resistance into elite 
breeding material using traditional methods (Rudd et al., 2001). Fhb1, Qfhs.ifa-5A, and Qfhs.nau-
2DL, have tightly linked DNA markers, and marker assisted selection (MAS) for these QTL has 
efficiently improved FHB resistance in elite wheat germplasm (Steiner et al., 2017). However, 
developing the molecular markers needed for MAS is often slow and costly. Furthermore, relying 
on resistance conferred by a few major effect QTL, like Fhb1, Qfhs.ifa-5A, and Qfhs.nau-2DL, 
may lead to narrowing of the gene pool and unintended negative consequences (Yang et al., 2000). 
DON can also be quantified and successfully used as the basis for selection, but testing is expensive 
and time consuming. That said, a quick inexpensive phenotyping strategy capable of intentionally 
accumulating small effect FHB resistance QTL would be of great benefit to wheat breeders and 
consumers.  
1.3 Optical seed sorter  
High-throughput optical sorting systems are currently being used in quality control of over 
95% of small commodities such as coffee, peas, and rice (Chen and Sun, 1991; Pasikatan and 
Dowell, 2001). These sorters rely on color differences between accept and reject seeds and other 
quality factors that are detectable visually (Pasikatan and Dowell, 2003). Commercial sorters are 
used in lemons and other citrus species to separate fruit into color groups (Powers et al., 1953). 
5 
 
Tomato harvesters come equipped with color sorters to separate green and red tomatoes (Powers 
et al., 1953; Gunasekaran et al., 1985). Similar commercial sorting systems are used to separate 
foreign objects like rocks from potatoes, onions, and garlic at harvest (Gunasekaran et al., 1985). 
Detection and removal of off-colored beans (Lee et al., 1998) and aflatoxin contaminated peanut 
kernels (Chiou et al., 1994) have been achieved using an color-based optical seed sorter. Optical 
seed sorters have also been effective at separating kernels damaged by Fusarium species in yellow 
corn (Pearson et al., 2004) and improving corn grain purity (Goggi et al., 2006).  
The optical seed sorter used in this dissertation was designed to use a high-throughput, high-
resolution color camera in combination with compressed air to separate red and white type wheat 
seeds (Pasikatan and Dowell, 2003; Delwiche et al., 2005; Pearson et al., 2008; Pearson, 2010). 
The visual difference between FHB-infected chalky white kernels and healthy kernels is prominent 
in SRWW. Applying the basic understanding that FHB often results in discolored grain, optically 
sorting seed from SRWW breeding lines can quickly provide a direct measurement of the percent 
of fusarium damaged kernels (FDK) and a more accurate estimate of FHB resistance than in the 
field. Furthermore, USDA/ARS research has shown that the ratio of DON concentrations in 
accepted SRWW grain to an unsorted sample was 52%, and the ratio of DON in rejected grain to 
an unsorted sample was 650% (Delwiche et al., 2005). In other words, the DON concentrations of 
the accepts were significantly lower on average than unsorted material, while the concentrations 
of the rejects were 2 to 15 times higher. This clearly shows that an optical seed sorter can 
effectively separate chalky white diseased seeds from non-diseased seeds. 
6 
 
1.4 Mass selection  
Although plant breeders utilize many different phenotypic selection schemes to generate 
improved plant cultivars, mass selection is an ancient strategy extensively used in numerous crops. 
Mass selection is a simple method that utilizes intense natural and/or artificial selection pressure 
to select several to a large number of plants on the basis of individual-plant performance and alter 
the genotypic frequency (Brown and Caligari, 2008). Inoculating a field with a disease and 
harvesting plants that survive would be an example of mass selection relying on the assumption 
that only superior individuals will reproduce and be represented in the next generation. Mass 
selection is most effective when dealing with a highly heritable trait, improving more complicated 
traits like yield are not typically goals for the mass selection method (Bernardo, 2014).  
In self-pollinated crops, mass selection is typically performed on individuals that have been 
allowed to self-pollinate (non-random mating), and the next generation will exhibit decreased 
heterozygosity (inbreeding); therefore, mass selection in self-pollinated species can be referred to 
as mass selection without recombination (Secrist, 1989). Resistance to leaf rust and powdery 
mildew in barley (Hordeum vulgare) have been enhanced successfully using mass selection 
(Parlevliet and van Ommeren, 1988; Reinhold et al., 1993). Several studies in wheat have been 
successful using recurrent mass selection to increase resistance to powdery mildew and FHB 
(Abdalla et al., 1989; Jiang et al., 1994; Yang et al., 2000). After one cycle of recurrent mass 
selection for FHB resistance in wheat, FHB rating (a visual estimate of the percentage of diseased 
heads in a plot) decreased by 18.5% and then 4.5% after an additional cycle (Jiang et al., 1994). 
After four cycles of recurrent mass selection in an intermating wheat breeding population, 5-8% 
of progeny had FHB resistance as good or better than ‘Sumai 3’ (the source of Fhb1, a major FHB 
resistance QTL) (Yang et al., 2000). Mass selection is a simple and effective technique for FHB 
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resistance breeding, for a thorough review of its other applications in wheat breeding, please see: 
(Marais and Botes, 2010). 
1.5 Genomic selection  
Improving complex quantitative traits is a major hurdle in plant breeding. Selection for 
quantitative traits is typically based on phenotypic records of individuals and their relatives. The 
introduction of marker assisted selection allowed breeders to use limited genotypic information to 
select for one or a few known QTL. Identification of QTL often utilizes bi-parental mapping 
populations, which fail to identify QTL with minor effects (Dekkers and Hospital, 2002) and are 
not always translatable to breeding populations (Heffner et al., 2009; Massman et al., 2010). 
Genomic selection (GS) is a form of marker-assisted selection that utilizes genome-wide markers, 
under the assumption that all quantitative trait loci (QTL) associated with the trait of interest are 
in linkage disequilibrium with at least one of the markers, to calculate breeding values for un-
phenotyped selection candidates (Meuwissen et al., 2001; Poland et al., 2012a). Several 
experiments conducted using simulated and real-world data have used genome-wide markers to 
compute genomic estimated breeding values (GEBVs) with acceptable accuracy and suggested 
selection on GEBVs could increase the rate of genetic gain in animal and plant breeding programs 
(Meuwissen et al., 2001; Heffner et al., 2011; Lorenz et al., 2012; Hickey et al., 2014; Hoffstetter 
et al., 2016; Verges et al., 2020; Verges and Van Sanford, 2020). 
High-throughput sequencing techniques have led to the discovery of genome-wide 
polymorphisms necessary for GS, such as: single-sequence repeats (SSRs), diversity array 
technology (DArT) markers, and abundant single nucleotide polymorphisms (SNPs) in most plant 
species, including wheat (Massman et al., 2010; Poland et al., 2012a; Arruda et al., 2016). Coupled 
8 
 
with increased computational capacity researchers can identify polymorphisms associated with 
expression of quantitative traits (Massman et al., 2010; Arruda et al., 2016). QTL involved in FHB 
resistance have been detected in wheat using SSR markers and SNPs (Miedaner et al., 2011; 
Kollers et al., 2013; Jiang et al., 2015). SNPs associated with disease resistance can be  integrated 
into GS schemes (Arruda et al., 2016) by treating them as the QTL that control expression of a 
trait. A genetic effect is calculated for each SNP marker and the summation of all marker effects 
equates to the GEBV of the individual, which can be used to direct ongoing genetic improvement 
and generation of new breeding material (Poland et al., 2012a; Hickey et al., 2014).  
Genotyping-by-sequencing (GBS) is a high-throughput genotyping method that combines 
genome complexity reduction with restriction enzymes and second-generation sequencing 
technology to rapidly identify SNPs even without a reference genome (Elshire et al., 2011). Poland 
et al. modified the original protocol to accommodate a combination of enzymes and applied the 
new two enzyme GBS method to identify over 40,000 SNPs in wheat (Poland et al., 2012a). Grain 
yield, 1000-kernel weight, and heading date were then predicted using the SNPs. The prediction 
accuracies for yield ranged from 0.28 to 0.45 (Poland et al., 2012a). In other words, it is possible 
to predict phenotypes with moderate accuracy using SNPs associated with QTL. This, coupled 
with decreasing genotyping costs (Poland and Rife, 2012), has positioned GS as a potentially more 
cost-effective breeding approach for quantitively inherited traits than traditional phenotypic 
selection.  
DON response to GS has been reported previously in barley (Hordeum vulgare L.) (Sallam 
and Smith, 2016; Tiede and Smith, 2018). Tiede and Smith observed a decrease in average DON 
accumulation of approximately 2 ppm after two cycles of GS. Furthermore, Sallam and Smith 
successfully used FHB severity (an estimate of the number of diseased spikelets) GEBVs to lower 
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DON accumulation by approximately 6 ppm. A few studies have demonstrated the utility of GS 
for lowering DON accumulation in wheat by evaluating the accuracy of GEBVs for DON and 
other FHB associated traits (Rutkoski et al., 2012; Arruda et al., 2015). Unfortunately, DON 
response to GS was not reported. Several studies have estimated GEBVs for other FHB associated 
traits (Rutkoski et al., 2012; Arruda et al., 2015; Jiang et al., 2015; Hoffstetter et al., 2016; Herter 
et al., 2018) with moderate to high accuracy. An excellent review of the implementation of GS in 
wheat breeding programs for FHB resistance and other agronomic traits can be found at: (Larkin 
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ABSTRACT: Fusarium head blight (FHB) of wheat (Triticum aestivum L.) results in 
discolored fusarium damaged kernels (FDK) contaminated with deoxynivalenol (DON). 
DON accumulation, a primary measure of FHB resistance, can be used as a basis for 
selection, but testing each genotype in several genetically variable populations is expensive 
and time consuming. Therefore, FHB resistance breeding decisions are routinely based on 
in-field phenotypic evaluation. However, using an optical sorter as an alternative to in-field 
evaluation, mass selection (MS) for FHB resistance can be quickly performed post-harvest. 
The objective of this study was to utilize an optical seed sorter to select breeding lines with 
enhanced FHB resistance (lower DON and FDK values). Three hundred F4 derived 
breeding lines were grown in an inoculated disease nursery over several years in Lexington, 
KY. Grain from each breeding line was sorted using an optical seed sorter calibrated to 
reject scabby (discolored) seed. The accepted (non-scabby) seed was used to plant 
subsequent generations. DON and kernel damage traits were lowered each cycle of among 
line selection with the optical sorter. Our findings suggest that optically sorting grain may 
be an effective breeding strategy for lowering DON accumulation and limiting kernel 




Wheat (Triticum aestivum L.), one of the most important calorie sources available to 
human kind, provides approximately 19% of daily caloric needs worldwide (Shiferaw et 
al., 2013). Furthermore, according to the Foreign Agricultural Service (FAS) a division of 
the United States Department of Agriculture (USDA), global consumption of wheat was 
over 730,000,000 metric tons in the 2018/19 marketing year (USDA FAS, 2019). The 
demand for wheat and other staple foods is expected to increase as the global population 
continues to rise; for example, wheat demand is projected to increase 60 % by the year 
2050 in developing countries (Shiferaw et al., 2013). In addition to increasing production 
in a sustainable way to meet the growing demand for wheat, preventing contamination and 
other grain quality and food safety issues caused by diseases are among the most daunting 
challenges facing agricultural researchers today.  
Head scab or Fusarium head blight (FHB) of wheat, caused by Fusarium 
graminearum, is an example of such a disease. It results in damaged discolored grain 
contaminated with deoxynivalenol (DON), often referred to as vomitoxin, due to the acute 
and chronic disease symptoms that develop after consumption of diseased grain. DON 
toxicity symptoms include: nausea, vomiting, diarrhea, abdominal pain, headache, 
dizziness, fever, and with enough exposure death (Sobrova et al., 2010). As a result, health 
organizations around the world have placed stringent regulations on DON levels in wheat 
products for both direct human consumption and feedstock sources for animals (Bai and 
Shaner, 2004; Aakre et al., 2005). In the US, according to Aakre et al., 2005, the current 
FDA advisory levels for DON are: 1 ppm in finished wheat products for direct human 
consumption such as flour, 10-30 ppm in feedstock for consumption by ruminating 
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animals, 10 ppm for chicken feedstock with an additional recommendation that it makes 
up no more than 50% of the diet, 5 ppm in swine feed and no more than 20% of the diet, 
and 5 ppm in all other animal feed produced from wheat grain or grain by products and no 
more than 40% of the animal’s total diet (Aakre et al., 2005). In addition to DON 
contamination, yield reduction and quality diminution are other consequences of severe 
FHB infection (Agostinelli, 2009; Agostinelli et al., 2011). Diseased kernels are less dense 
than healthy kernels, and directly reduce yield. Furthermore, severely damaged kernels are 
expelled along with chaff during combine harvest resulting in additional yield loss (Bai 
and Shaner, 1994; Agostinelli, 2009; Agostinelli et al., 2011). Damaged kernels also 
decrease market value due to reduced test weight and flour yield (McMullen et al., 1997). 
Therefore, limiting DON accumulation and reducing the proportion of fusarium damaged 
kernels (FDK) via genetic resistance are major goals of wheat and other small grain 
breeders.  
DON concentration can be quantified and used as a basis for selection, but testing each 
genotype in several genetically variable populations is expensive and time consuming. 
Thus, plant breeders focused on enhancing FHB resistance in early generation material 
have traditionally relied on their eyes (extensive in-season field phenotyping-based 
decisions). Small grain breeders often utilize visual selection schemes such as the pedigree 
method, the bulk method, and mass selection, to generate improved plant cultivars. Mass 
selection an antediluvian, but still extensively used breeding scheme has been employed in 
breeding for enhanced disease resistance for many years. Rex Bernardo formally defines 
mass selection, in Essentials of Plant Breeding, as the “selection of several to a large 
number of plants on the basis of individual-plant performance”(Bernardo, 2014). 
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Furthermore, mass selection is a simple method that exposes a segregating population to 
different environmental conditions and utilizes intense natural, and/or artificial selection 
pressure to alter the genotypic frequencies of a population (Brown and Caligari, 2008). 
Deliberately infecting a field with F. graminearum and only harvesting plants that show 
no signs or symptoms of FHB would be an extreme example of mass selection. Therefore, 
in theory mass selection relies on the assumption that only progeny from superior 
individuals will be present in the next generation. In addition, it is important to note that 
mass selection is most effective when dealing with a highly heritable trait, improving more 
complicated traits like yield are not typically goals for the mass selection method 
(Bernardo, 2014). 
Unfortunately, FHB resistance in wheat is a complex quantitative trait, strongly 
influenced by the environment, with low to moderate heritability (Van Sanford et al., 
2001). Consequently, phenotypic mass selection for enhanced head scab resistance done 
visually is subjective, and effectiveness can vary widely depending on experience level of 
the person recording the ratings, disease pressure, natural lighting, maturity level of the 
plant, and other environmental factors. This is not to say that wheat breeders have been 
unsuccessful at using phenotypic selection to develop cultivars more resistant to head scab. 
Wheat breeders have identified and incorporated single QTL, like Fhb1 a major effect gene 
discovered in the Chinese spring wheat Sumai 3 (Bai and Shaner, 1994; Niwa et al., 2014), 
via traditional methods into breeding material. However, resistance to FHB employs both 
well studied major genes and other minor genes. Although traditional breeding methods 
that center around known individual QTL have proven useful in breeding for increased 
FHB resistance in wheat, these methods can be improved to provide more locally adapted 
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wheat cultivars. Therefore, a scheme that eliminates the inherent subjectivity of the visual 
selection method and increases the frequency of minor effect QTL is necessary.   
Not only is FHB resistance a difficult trait to visually phenotype and select for, a 
changing climate will further complicate things by expediting the need for new cultivars 
more resistant and adapted to a wider array of environments than those currently available 
(Tessmann and Van Sanford, 2018). For example, a European study aimed at predicting 
wheat phenology and DON indicated that climate change will cause plants to flower and 
reach maturity 1 to 2 weeks earlier, and DON concentrations will increase up to 3x what is 
currently considered typical in the regions where the study was conducted (van der Fels-
Klerx et al., 2012). In addition, Backhouse et al. using a modeling approach, found a 
positive correlation between climate and pathogenic Fusarium species, and predicted that 
future conditions will be conducive for FHB epidemics in regions such as Mexico, North 
Africa, and Western Siberia where high DON and FDK are not currently a problem 
(Backhouse, 2014). Furthermore, the genetic composition of current varieties provides 
partial resistance to FHB; however, environmental conditions largely influence whether or 
not resistance genes will be expressed (Vaughan et al., 2016). Therefore, a higher-
throughput less subjective selection method is needed to gradually accumulate new 
regional smaller effect resistance QTL, and more rapidly enhance head scab resistance in 
wheat and other small grains (Tessmann et al., 2019).   
Optically separating diseased from non-diseased grain has potential as an en masse 
selection method to identify and enhance resistance in genetically variable populations. In 
addition, small breeding programs can use the proportion of damaged kernels obtained by 
optically sorting grain (FDKos) as an additional consideration during germplasm 
15 
 
development (selecting parent breeding material with enhanced head scab resistance). The 
objective of this study was to determine if optically sorting seed from breeding material 
segregating visually for scab resistance over several generations could be used to generate 
lines with enhanced FHB resistance (lower DON and FDK values). Three-hundred F4 
derived breeding lines from 5 unique 3-way crosses were grown in an inoculated disease 
nursery, harvested by hand, threshed, sorted, and the accepted (non-scabby) seed used to 
plant the subsequent filial generation over several years in Lexington, KY. 
2.2 Materials and Methods  
2.2.1 Site Description, Selection Material and Experimental Design 
The study was conducted from 2016-2019 at the University of Kentucky Spindletop 
Research Farm in Lexington, KY (38○7’37.81’’N, 84○29 44.85’’ W). Soil type at the site 
is a Maury silt loam (fine, mixed, semi active, mesic Typic Paleudalfs). Maximum, 
minimum and average temperatures for each harvest year are as follows: 2016 (23°, -1°, 
and 11° C ); 2017 (22°, 4°, and 11° C); 2018 (24°, -2°, and 10° C); 2019 (22°, 1°, and 10° 
C).The selection material consisted of 300 genetically variable F4 derived soft red winter 
wheat (SRWW) breeding lines generated from five unique three-way crosses with KY06C-
11-3-10 (a University of Kentucky breeding line with moderate resistance to FHB) in their 
pedigree (Table 2.1). The 300 breeding lines (60 from each of 5 crosses) differed in 
characteristics such as level of FHB resistance, heading date, height and other agronomic 
traits. 
Selection with the optical sorter was conducted from 2016-2018 at Spindletop 
Research Farm in 1-meter (m) rows spaced 30 centimeters (cm) apart arranged in a 
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randomized complete block design (RCBD) with one resistant (KY02C-3005-25) and one 
susceptible (Pioneer Variety 2555) check cultivar repeated throughout the nursery. Cycles 
of selection 1, 2, and 3 (C1; C2; C3) were evaluated collectively in 2019 at the same location 
using 1 m six row miniplots arranged in a randomized complete block design (RCBD) with 
one resistant and one susceptible check repeated throughout the field. Three replications 
per genotype were evaluated in 2018 whereas two replications were used in all other years.  
Selection and final evaluation were carried out in an inoculated and irrigated scab 
nursery to provide the intense disease pressure needed for resistance evaluation and 
artificial selection. During all years of the experiment (2016-2019), corn (Zea mays L.) 
kernels infected with F. graminearum were broadcast throughout the nursery to promote 
infection (Gilbert and Woods, 2006; Balut et al., 2013). Inoculum came from 27 isolates 
taken from scabby wheat seed collected at multiple locations across Kentucky, 2007–2010 
(Bec et al., 2015). Inoculum was prepared by first allowing dry corn kernels to imbibe 
water for approximately 16 hours. After 16 hours, corn kernels were autoclaved, inoculated 
with potato dextrose agar (PDA) plugs colonized with F. graminearum, mixed with 0.2 g 
of streptomycin in 50 mL of sterile water, covered and allowed to incubate at room 
temperature (Balut et al., 2013). After complete colonization by the fungus (3 weeks), the 
corn kernels were spread onto a tarp and allowed to dry aided by a dehumidifier. After 
drying, inoculated corn kernels were placed in mesh bags and stored in a freezer at -18 ° 
C. Each year of the study (2016-2019), at the end of tillering, approximately 21 days prior 
to flowering of the earliest material (lowest DTH value), inoculated corn kernels were 
broadcast in the field at a rate of 11.86 g m-2. In addition to inoculating the field, an 
overhead irrigation system on an automatic timer was used to provide optimal moisture 
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conditions for disease development, and the opportunity to evaluate and select for FHB 
resistance. The irrigation schedule was as follows: 5-minute periods every 15 minutes from 
2000 to 2045 h, 2100 to 2145 h, 0200 to 0245 h, 0500 to 0530 h, and 0830 h (Balut et al., 
2013). 
2.2.2 Phenotypic Measurements 
Data collection started in 2016 and spanned multiple growing seasons. Plant height 
(HT), days to heading (DTH), rating, FDKvs, and DON accumulation data were collected 
each season; FDKos was collected in all years except 2016. HT is the approximate average 
height, in cm, of all plants in a plot from soil to top of the spike. DTH is the number of 
days from January 1st to the calendar date corresponding to the day 50% of heads in a plot 
have emerged. Rating is a visual estimate of the proportion of diseased heads in a plot from 
0-9, where 0 = no heads showing disease symptoms and 9 = 90% of heads showing disease 
symptoms. Rating data is collected 24 days after the day 50% of heads in a plot have 
emerged (45 days after inoculation for the earliest material, greater than 45 days after 
inoculation for later material). FDKvs is the proportion of fusarium damaged kernels in a 
given sample determined using an air separation sorter. DON is the concentration of 
deoxynivalenol in ppm determined using gas chromatography with mass spectrometry GC-
MS. FDKos is the proportion of fusarium damaged kernels in a given sample determined 
using an optical seed sorter. 
2.2.3 FDKvs and DON Determination 
From 2016-2018, each 1-meter nursery row was hand harvested with sickles and all 
plants in each row were bundled together to avoid mixing breeding lines. Each bundle was 
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threshed separately with a stationary threshing machine. The six row miniplots used in 
2019 were mechanically harvested with a Hege plot combine. Forty-five gram samples 
were taken from each line each season and chaff was removed manually. FDKvs was 
determined for each sample using an air separation machine developed by the University 
of Kentucky from a precision machine head thresher and a Shop-Vac vacuum (Figure 2.1) 
(Agostinelli, 2009; Agostinelli et al., 2011). Air separation and FDKvs determination took 
approximately 1 minute per sample and comprised the following procedure: a sample was 
loaded into the machine, the vacuum was turned on and air-driven elevation of the lighter 
portion of grain (i.e. fusarium damaged kernels) occurred until it reached the top of the 
separation column where it was collected in a receptacle. The heavier portion of grain (i.e. 
sound kernels) was suspended midair and did not reach the top of the separation column. 
Once the vacuum was turned off, the sound kernels fell and were collected in the bottom 
of the column. The sound kernels and damaged kernels were weighed (g) separately, and 
an FDKvs value was arrived at using the following formula: 
FDKvs (%) = (damaged kernels / (damaged + sound kernels)) x 100. 
The damaged and sound portions of each sample were then comingled and sent in 
coin envelopes to the University of Minnesota DON testing lab, where DON concentration 
was determined by gas chromatography-mass spectrometry (GC-MS) following Mirocha 
et al., 1998 (Mirocha et al., 1998). 
2.2.4 The optical sorter, within line selection, and FDKos determination 
The optical sorter is an USDA/ARS and National Manufacturing Seed Sorter System 
(Figure 2.2) that uses a high-throughput, high-resolution color camera in combination with 
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compressed air to separate grain (Pasikatan and Dowell, 2003; Delwiche et al., 2005; 
Pearson et al., 2008; Pearson, 2010). The device recognizes undesirable seed based on color 
and generates a burst of air to cast discolored seeds into a collection vessel. Kernels that 
are deemed as acceptable accumulate in another separate collection vessel. Each cycle of 
selection was performed in a different year; therefore, the sorter was calibrated each year. 
The sorter was trained to reject scabby seed using 201 seeds from the susceptible check 
(white kernels), and to accept sound kernels using 201 seeds from the resistant check (red 
kernels).  
During within line selection (2016-2018), each 1-meter row was hand harvested with 
sickles and all plants in each row were bundled together to avoid mixing. Each bundle was 
threshed separately using a stationary threshing machine, and seed from all plants in the 
bundle were collected in bulk and optically sorted. For final evaluation (2019), six row 
miniplots were mechanically harvested with a Hege plot combine. Prior to sorting (2016-
2019), 45 gram samples to be used for FDKvs and DON determination were taken from 
each line and rep. After sorting, accepted grain from each rep for each line was comingled, 
sampled and then used to plant the subsequent filial generation. During the 2017-2019 
growing seasons, the optically accepted and rejected portions of grain from each sample 
were weighed separately (g) and another estimation of the proportion of damaged kernels 
(FDKos) was arrived at using the following formula:  
FDKos (%) = (rejected grain / (rejected + accepted grain)) x 100. 
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2.2.5 Among Line Selection 
During the selection portion of the experiment, all lines were advanced to the next 
generation after sorting (within line selection). This allowed us to retroactively evaluate 
the consequences of different among line selection schemes based on phenotypic data 
obtained with the optical sorter and other phenotypic measurements routine in wheat 
breading. In 2019, cycles 1, 2, and 3 from 54 of the 300 F4 derived lines were evaluated in 
an inoculated and irrigated head scab nursery. The lines evaluated in 2019 were chosen 
because there was enough remnant seed from previous cycles of selection (C1 – C3) to 
allow all 3 generations to be planted collectively as 6 row miniplots in the head scab 
nursery. In addition to within line selection, among line selection was performed using 
phenotypic measurements obtained with the optical sorter (FDKos); DON, FDKvs, and an 
index based on DON and FDKos were also used to guide among line selection (Figure 2.3). 
For among line selection, candidates that had values greater than the resistant check 
(KY02C-3005-25), for whatever trait used as the basis of selection, are dropped each cycle 
of selection. Using FDKos as an example, any lines that had FDKos values greater than 
KY02C-3005-25 were not selected.  
2.2.6 Data Analysis  
Analysis of variance (ANOVA) was performed using SAS Procedure GLM to 
determine population and selection cycle effects. The model used to analyze data collected 
from 2016-2018 was: 
Yijk = µ + Yeari + Rep(Year)ij + Genotypek + Yeari x Genotypek + ijk 
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where Yijk = the observation in the ith year in the jth rep of the kth breeding population/line, 
µ = the overall mean, Yeari = the effect of the ith year, Repj = the effect of the jth replication 
within the ith year, Genotypek = the effect of the kth breeding population/line, Yeari x 
Populationk = the effect of the interaction of the ith year and the kth breeding 
population/line, ijk = the residual error. Because each year represents a different cycle of 
selection, it is necessary to nest replications in year. The model used to analyze the final 
evaluation data collected in 2019 was: 
Yijk = µ + Cyclei + Repj + Genotypek + Cyclei x Genotypek + ijk 
where Yijk = the observation in the ith cycle in the jth rep of the kth breeding 
population/line, µ = the overall mean, Cyclei = the effect of the ith selection cycle, Repj = 
the effect of the jth replication, Genotypek = the effect of the kth breeding population/line, 
Cyclei x Genotypek = the effect of the interaction of the ith selection cycle and the kth 
breeding population/line, ijk = the residual error. Because all data was collected (all 
selection cycles were evaluated) in the same year it is not necessary to nest replications in 
cycle. 
Genotypic and phenotypic variance components were estimated from the expected 
means squares (EMS) generated using SAS Procedure VARCOMP, and then used to 
determine heritability of the phenotypic traits measured on an entry mean basis. Heritability 
estimates were computed as:  
H2 = 2g / 2p 
where H2 = heritability, 2g = genotypic variance, 2p = phenotypic variance.  
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Confidence intervals were calculated after Knapp et al., 1985, as:  
UL = 1 – (MS1/MS2 x FUL (0.05, v1 and v2 df))-1 
LL = 1 – (MS1/MS2 x FLL (0.95, v1 and v2 df))-1 
where UL = upper limit, LL = lower limit, MS1 = entry mean square, MS2 = residual mean 
square, FUL and FLL = F value for the upper and lower limits, respectively (Knapp et al., 
1985). Broad sense heritability of the traits measured from 2016-2018 was estimated on an 
entry mean basis using the following model:  
Yijk = µ + Yeari + Rep(Year)ij + Genotypek + Yeari x Genotypek + ijk 
where Yijk = the observation in the ith year, jth replication, and kth genotype, µ = the overall 
mean, Yeari = the effect of the ith year, Rep(Year)ij = the effect of the jth replication nested 
in the ith year, Genotypek = the effect of the kth genotype, Yeari x Genotypek = the effect 
of the interaction of the ith year and the kth genotype, ij = the residual error. Broad sense 
heritability of traits was estimated on an entry mean basis for each year individually using 
the following model: 
Yij = µ + Repi + Genotypej + ij 
where Yij = the observation in the ith rep and jth genotype, µ = the overall mean, Repi = 
the effect of the ith replication, Genotypej = the effect of the jth genotype, ij = the residual 
error. In addition, broad sense heritability was calculated for each trait each cycle of 




2.3.1 Mass Selection  
Three cycles of within line mass selection using an optical sorter were conducted 
on a set of University of Kentucky soft red winter wheat breeding lines from 2016-2018. 
Cycles 1-3 were evaluated in 2019; no remnant seed from base population (C0) was 
available and therefore C0 was not grown in 2019. The results of within line and all among 
line selection strategies are presented (Tables 2.2 & 2.3). Among line selection decisions 
for all scenarios were based on data obtained from 2016-2018. The results of the different 
selection strategies presented in Tables 2.2 and 2.3 are based on data obtained during the 
final evaluation (2019). 
2.3.1.1 Within line selection with an optical sorter 
Means for all traits measured by cycle of selection are presented in Table 2.2. Within 
line selection with the optical sorter in the absence of any among line selection resulted in 
no significant change in DON concentration. DON was the primary target trait of this 
experiment. No response to within line selection is likely due to the type of material on 
which selection was performed. The selection candidates were F4 derived breeding lines 
and were in the F4:5 generation prior to any within line selection with the optical sorter. 
Material in an earlier generation may have shown more of a response to within line 
selection. Interestingly among line selection on FDKos was very successful (Tables 2.2 & 
2.3). FDKvs, DTH, and visual rating did not respond to within line selection with the 
optical sorter. FDKos decreased with each cycle of selection. HT increased slightly with 
selection. Average DON, FDKvs and FDKos whenever expressed as a percentage of the 
resistant check (KY02C-3005-25) display the same trends as described above; DON % 
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resistant check did not respond to within line selection, FDKvs % resistant check increased 
after one cycle and the decreased after an additional cycle of within line selection, and 
FDKos % resistant check decreased each cycle with a larger reduction from C2 to C3 (Table 
2.3). Within line selection did not result in DON, FDKvs, or FDKos values expressed as a 
percentage of the resistant check below 100%. 
2.3.1.2 Selection on FDKos 
No among line selection was performed from C0 to C1, because FDKos was not 
recorded in 2016. From C1 to C2, and C2 to C3, any lines that had FDKos values greater 
than the resistant check were discarded. Within and among line selection with the optical 
sorter resulted in a net decrease in DON concentration each cycle (Table 2.2). Mean DON 
expressed as a percentage of the resistant check (KY02C-3005-25) showed a similar 
decrease with each cycle of selection, ending up at 92% for C3 (Table 2.3).This indicates 
that the average DON values for the C3 population outperform that of the resistant check 
used in the experiment. This is a promising result. FDKvs and FDKos also decreased with 
each cycle of selection, but neither trait fell below 100% of the resistant check. DTH 
showed no net change. Rating decreased from C1 to C2 but showed no further response. 
HT increased each cycle of selection. 
2.3.1.3 Selection on FDKvs 
Results of among line selection on FDKvs are shown in Table 2.2. From C0 to C1, C1 
to C2, and C2 to C3, any lines that had FDKvs values greater than the resistant check were 
discarded. In 2016, all lines with FDKvs values greater than the check were dropped. This 
is why the C1 tested in 2019 based on FDKvs among line selection has a mean value of 0.6 
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and not 1.1 as had been observed for the previous two scenarios. Using FDKvs as the basis 
for among line selection resulted in average C1 DON levels below, average C2 DON levels 
above, and average C3 DON levels below that of the resistant check (Table 2.3). Due to 
inconsistent response to selection, the results of among line selection on FDKvs are less 
promising than the results of among line selection on FDKos. Interestingly, using FDKvs 
as the basis of among line selection actually resulted in a gradual increase in the trait with 
each cycle of selection. For example, FDKvs as % KY02C-3005-25 was 136 for C1, 164 
for C2, and 204 for C3. The response to selection of FDKos was also inconsistent, the mean 
value increasing for one cycle and then falling from C2 to C3. DTH decreased by 1 day on 
average with each cycle of selection. Rating showed no net change. It is interesting that the 
lowest visual ratings and FDKos values were achieved by using FDKvs as the basis for 
among line selection. HT showed no consistent response. 
2.3.1.4 Selection on DON  
From C0 to C1, C1 to C2, and C2 to C3, any lines that had DON values greater than the 
resistant check were discarded. In 2016, all lines with DON values greater than the check 
were dropped. This is why the C1 tested in 2019 based on DON among line selection has a 
mean value different than that observed for other scenarios. Results of among line selection 
on DON are shown in Table 2.2. Similar to what was observed for FDKvs selection, using 
DON as the basis of among line selection resulted in an increase in DON concentration 
from C1 to C2 and a decrease from C2 to C3. However, in the case of DON selection, mean 
DON values are below that of the resistant check (< 100%) for each cycle evaluated in 
2019 (Table 2.3). This indicates that using DON to select for lower DON concentrations 
in subsequent generations is effective. However, remember that basing selection on FDKos 
26 
 
resulted in more consistent decreases in DON concentration, and other scab associated 
traits (FDKvs and FDKos). When basing selection on DON concentration, FDKvs 
increased from C1 to C2 and slightly decreased from C2 to C3. FDKos increased each cycle. 
DTH and visual rating both increased after one cycle and then decreased from C2 to C3. 
Mean HT increased from C1 to C2 and showed no further response. 
2.3.1.5 Selection on FDKos/DON index  
With index selection, decisions are based on the sum of the weighted performance of 
a candidate for each of several traits (Bernardo, 2014). FDKos/DON index values were 
determined using the following formula:  
Index = [(FDKos candidate/FDKos KY02C-3005-25) x 100] + [(DON 
candidate/DON KY02C-3005-25) x 100]. 
FDKos was not recorded in 2016; therefore, no among line selection was performed 
from C0 to C1. From C1 to C2, and C2 to C3, any lines that had index values greater than the 
resistant check (> 200%) were discarded. Results of among line selection on the 
FDKos/DON index are shown in Table 2.2. DON response to among line selection on the 
index is very promising. DON concentration in ppm decreased consistently each cycle of 
selection. Mean DON as a percent of the resistant check also decreased consistently with 
each cycle of selection and was below 100% after one cycle (Table 2.3). In addition, both 
kernel damage traits (FDKvs and FDKos) decreased with each cycle of selection, although 
neither was below 100% on average for any cycle of selection evaluated in 2019. Seeing 
both traits consistently decrease is promising and indicates that using both DON 
concentration and FDKos in an index is more effective than using either trait alone as the 
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basis for among line selection. DTH increased by 2 days on average from C1 to C2 and 
decreased by 1 day from C2 to C3. Visual rating decreased by 3 from C1 to C2 and showed 
no further response. HT increased with each cycle of selection.  
2.3.2 Heritability  
2.3.2.1 Heritability estimates using data gathered during within line selection (2016-
2018) 
Estimates of broad sense heritability and confidence intervals (95%) are presented in 
Table 2.4. For traits measured from 2016-2018 heritability ranged from 0.70 to 0.89 
(FDKos was not measured in 2016; H2 = 0.68). DTH and HT were the most heritable traits 
(H2 = 0.89 for both traits). Estimates of broad sense heritability and confidence intervals 
(95%) for each cycle of selection are presented in Table 2.5. These estimates were based 
on individual analysis of years (2016 = C0; 2017 = C1; 2018 = C2). For traits measured in 
the base population (C0) heritability ranged from 0.74 to 0.91, with DTH being the most 
heritable. Heritability estimates ranged from 0.62 to 0.93 and 0.62 to 0.94 for C1 and C2, 
respectively. Previous studies have also shown DTH and HT to be highly heritable traits in 
soft red winter wheat (Russell, 2017). Heritability estimates for DON from previous studies 
also agree with what we observed (Clark et al., 2016; He et al., 2019). Our broad sense 
heritability estimates for visual rating are slightly higher than what has been previously 
reported in other studies (Clark et al., 2016). Other wheat breeding groups estimate FDK 
and determine broad sense heritability for the trait. The methods for FDK estimation are 
different than what we used for FDKvs and FDKos, but heritability of the trait is close to 
what we observed (Wisniewska et al., 2016). No traits had confidence intervals that 
enclosed zero and can be considered heritable. 
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2.3.2.2 Heritability estimates using data gathered during the final evaluation (2019) 
Estimates of broad sense heritability and confidence intervals (95%) are presented in 
Table 2.6. For traits measured on all three cycles of selection in 2019 heritability ranged 
from 0.80 to 0.97. DTH was the most heritable trait (H2 = 0.97). Estimates of broad sense 
heritability and confidence intervals (95%) for each cycle of selection are presented in 
Table 2.7. Heritability estimates ranged from 0.50 to 0.95 for C1, with DTH and HT being 
the most heritable. Heritability estimates ranged from 0.64 to 0.92 for C2, with HT being 
the most heritable. Heritability estimates ranged from 0.48 to 0.92 for C3 with DTH being 
the most heritable. The heritability estimates we observed, except for rating, are in the 
range of other previously published heritability estimates (Clark et al., 2016; Wisniewska 
et al., 2016; Russell, 2017; He et al., 2019). Based on confidence intervals, all of traits had 
heritability estimates significantly different from zero. 
2.3.3 Phenotypic Variation  
2.3.3.1 Phenotypic variation observed in data gathered during within line selection (2016-
2018) 
Three cycles of within line selection using an optical sorter were performed on a set of 
University of Kentucky soft red winter wheat breeding lines, with the first occurring in 
2016, the second in 2017 and the third in 2018. DTH, rating, HT, FDKvs and DON 
concentration were measured on the base population in 2016. The same phenotypic 
measurements plus an additional trait, FDKos, were recorded in 2017 and 2018 
respectively. Year, genotype and the year x genotype interaction had a significant (p < 
0.05) effect on all traits measured (Table 2.8). There were significant differences among 
the genotypes for all traits evaluated. 
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On average plants were earlier in 2017 (DTH = 115) than all other years (2016 = 127; 
2018 = 132). Average plant height was significantly taller in 2017 (95 cm) and 2018 (95 
cm), than in 2016 (81 cm). Visual scab rating significantly increased each year, from an 
average of 2 in 2016 to 4 and 5 in 2017 and 2018 respectively. FDKvs followed a similar 
trend to that observed for rating. FDKvs increased from 13.9 in 2016 to 18.8 in 2018; 
however, 2017 (18.8) and 2018 (18.8) were not significantly different. FDKos was not 
recorded in 2016 and increased significantly from 2017 (13.1) to 2018 (25.0). Therefore, 
arithmetically visual rating, FDKvs and FDKos appear to agree with one another. However, 
mean DON values measured in parts per million were significantly greater in the first year 
(2016 = 12.6) than in the latter two years (2017 = 8.7; 2018 = 8.8). Means for all traits are 
presented in Table 2.8. 
2.3.3.2 Phenotypic variation observed in data gathered during the final evaluation (2019) 
Three cycles of within line selection using an optical sorter were conducted on a set of 
University of Kentucky soft red winter wheat breeding lines from 2016-2018. Cycles 1-3 
were evaluated in 2019. DTH, rating, HT, FDKvs, FDKos and DON concentration were 
measured. Selection cycle had a significant (p < 0.05) effect on plant HT and FDKos (Table 
2.9). Genotype had a significant effect on all traits measured (Table 2.9). There was a 
significant selection cycle by genotype interaction for all traits except visual rating and 
FDKvs (Table 2.9).  
On average, there was no difference in earliness, visual rating, FDKvs or DON 
between cycles of selection. Average plant height for C1 was significantly (p < 0.05) lower 
than the other two cycles of selection evaluated in 2019. Mean FDKos for C3 (18.7) was 
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significantly (p < 0.05) lower than the other two cycles of selection (C1 = 20.9; C2 = 20.7) 
evaluated in 2019. Means for all traits are presented in Table 2.9. 
2.4 Discussion  
One of the most important challenges of this century is to increase crop yields, in order 
to maintain access to essential food resources like wheat, under a changing climate 
(Tessmann and Van Sanford, 2018). Devastating plant diseases like FHB are major hurdles 
in the way of solving issues concerning food security, safety and quality. Yield reduction, 
low test weight, reduced percentage of high and low molecular weight glutenins and 
mycotoxin contamination associated with FHB infection threaten food security, diminish 
food safety and reduce quality (Bai and Shaner, 1994; McMullen et al., 1997; Agostinelli, 
2009; Agostinelli et al., 2011; Spanic et al., 2017). Furthermore, the consequences of FHB 
infection will likely be exacerbated by ongoing climate change (van der Fels-Klerx et al., 
2012; Backhouse, 2014). This coupled with an ever-increasing global population has 
expedited the need for new germplasm more resistant to head scab. On the basis of the 
results of this study, it is our opinion that an optical seed sorter has potential to reduce DON 
accumulation and kernel damage. In this study, we tested the potential of an optical seed 
sorter as an en masse selection method to identify and enhance disease resistance, by 
exposing genetically variable breeding material to a head scab epidemic, optically 
separating diseased from non-diseased grain, and planting only non-diseased grain the 
subsequent filial generation.  
We observed that within line selection with the optical sorter only (no among line 
selection) was not effective at lowering average DON accumulation in ppm, our primary 
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target trait (Table 2.2). These results are not unexpected, considering the selection material 
was in the F4:5 generation prior to any within line selection with the optical sorter. Genetic 
variation, necessary for progress in plant breeding, is less within an F4 derived breeding 
line than, for example, an F2 population (Falconer, 1989). Had these breeding lines been F2 
populations, or even F2 derived breeding lines more genetic variation would have been 
available and greater within line selection progress (reductions in average DON 
accumulation each cycle) may have been observed. Indirect within line selection for lower 
DON with the optical sorter is not supported by the broad sense heritability values of DON 
(0.91 Table 2.6; 0.74 Table 2.4) and FDKos (0.94 Table 2.6; 0.68 Table 2.4). Falconer 
showed that for indirect selection to be superior to direct selection, the genetic correlation 
must be high and heritability of the trait to be selected must exceed that of the other trait 
(Falconer, 1989). Whenever phenotypic correlation is substituted for genotypic correlation, 
Q, the ratio of indirect to direct selection expressed as the product of the phenotypic 
correlation coefficient and the ratio of the square roots of the heritabilities can be calculated 
(e.g., Q = rp x h1/h2; (Falconer, 1989)) . The phenotypic correlations (DON to FDKos) were 
0.55 (2017-2018) and 0.31 (2019). Using data gathered during within line selection Q = 
0.55 x (0.82/0.86) = 0.52; and, Q = 0.31 x (0.97/0.95) = 0.32 using data gathered during 
the final evaluation. Therefore, Q does not support indirect selection for lower DON with 
the optical sorter (FDKos).  
Interestingly, whenever within line selection was coupled with among line selection 
on FDKos, consistent reductions in DON and kernel damage traits (FDKos and FDKvs) 
were observed (Table 2.2). Therefore, in practice, indirect among line selection using 
FDKos values obtained with the optical sorter successfully reduced DON accumulation 
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each cycle of selection. Indirect selection (C3 DON = 0.7; C3 DON as % KY02C-3005-25 
= 92) did not result in final DON concentrations below that of direct selection (C3 DON = 
0.4; C3 DON as % KY02C-3005-25 = 53) using DON measurement (Tables 2.2 & 2.3). 
This result agrees with our estimates of Q, which indicated that direct selection would be 
more successful than indirect selection on FDKos for lower DON. However, indirect 
selection using FDKos did consistently reduce DON each cycle of selection (C1 = 1.1; C2 
= 0.9; C3 = 0.7), whereas direct selection did not consistently reduce DON each cycle of 
selection (C1 = 0.6; C2 = 0.7; C3 = 0.4). In addition, indirect selection for lower DON using 
FDKos as the basis of selection resulted in average DON levels below that of the resistant 
check and consistent reductions in kernel damage traits (FDKos and FDKvs). Direct 
selection using DON concentration actually resulted in increases in final average FDKvs 
and FDKos. Although indirect among line selection with the optical sorter did not result in 
final DON levels lower than direct selection, final DON levels obtained via indirect among 
line selection using FDKos were better than that of the resistant check. In addition, kernel 
damage traits were significantly lower than in previous generations. These findings 
indicate that the optical sorter is useful for identifying lines with lower DON values while 
at the same time selecting for lower kernel damage, which are both important traits for 
ensuring secure access to safe food. The reductions achieved in all three traits using indirect 
selection on FDKos were not achieved with direct selection for lower DON. Furthermore, 
although indirect within line selection is not supported by estimates of Q obtained in this 
experiment, performing indirect selection in early generation populations (e.g. F2) for 




FDKvs another measure of kernel damage due to FHB infection in wheat was also 
used as the basis of indirect among line selection for lower DON. Indirect selection for 
lower DON using FDKvs determined with the vacuum sorter was not supported by the 
broad sense heritability values of DON (0.91 Table 2.6; 0.74 Table 2.4) and FDKvs (0.80 
Table 2.6; 0.83 Table 2.4). The phenotypic correlations (DON to FDKvs) were 0.41 (2016-
2018) and 0.41 (2019). Therefore, Q = 0.41 x (0.91/0.86) = 0.45 and Q = 0.41 x (0.89/0.95), 
both estimates are < 1 and do not support indirect selection (using FDKvs as the basis of 
selection) over direct selection for lower DON accumulation. Our data supports this notion 
(Table 2.2). Neither indirect selection on FDKvs (C1 = 0.6; C2 = 1.0; C3 = 0.7) or direct 
selection (C1 = 0.6; C2 = 0.7; C3 = 0.4) consistently reduced DON each cycle of selection. 
Both selection schemes resulted in average C3 DON levels < 100% of KY02C-3005-25, 
but direct selection for lower DON (53% of KY02C-3005-25) outperformed indirect 
selection on FDKvs (92% of KY02C-3005-25). Interestingly, similar to what was observed 
with direct selection for lower DON, indirect selection on FDKvs resulted in increases in 
kernel damage traits. Indirect selection for lower DON on FDKvs actually increased 
FDKvs each cycle of selection, indicating that direct selection for lower FDKvs values 
does not work. FDKos increased during indirect selection on FDKvs for lower DON from 
C1 to C2, but then decreased from C2 to C3. These results indicate that single trait direct and 
indirect selection for lower DON is achievable using DON concentrations, FDKvs and 
FDKos estimates as the basis of selection; however, single trait indirect selection on FDKos 
lowers DON, FDKvs and FDKos simultaneously. The other single trait selection 
procedures (direct on DON and indirect on FDKvs) do not achieve consistent reductions 
in both kernel damage traits.  
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In addition to direct and indirect selection on single traits, an index was created and 
used to base selection. Both direct selection and indirect selection on FDKos for lower 
DON achieved promising reductions in DON concentrations with each additional cycle of 
selection. However, each of the two single trait selection procedures (direct on DON and 
indirect on FDKos) were better than the other at lowering specific traits. Much lower 
average C3 DON levels were achieved with direct (0.4 ppm; 53% of KY02C-3005-25) than 
with indirect selection on FDKos (0.7 ppm; 92% of KY02C-3005-25). Kernel damage 
traits (FDKvs and FDKos) were lowered when using indirect among line selection on 
FDKos, whereas kernel damage increased with direct selection on DON. Therefore, we 
thought it logical to combine the two traits (FDKos and DON) in an index to attempt to 
lower DON at a level comparable to direct selection on DON concentrations while 
simultaneously lowering kernel damage traits to the degree observed with indirect selection 
on FDKos. Index selection was incredibly successful at lowering all three traits (DON, 
FDKvs, and FDKos) simultaneously (Tables 2.2 & 2.3). Index selection achieved final 
FDKvs (3.3%; 132% of KY02C-3005-25) values lower than all other selection scenarios 
we explored. Final average C3 FDKos values (13.5%; 142% of KY02C-3005-25) achieved 
with the index were slightly lower than values obtained with direct selection for low FDKos 
(13.7%; 144% of KY02C-3005-25). In addition, index selection resulted in final average 
DON concentrations of 0.4 ppm, the same as what was observed for direct DON 
measurement.  
These findings suggest that optically sorting grain is an effective breeding strategy for 
lowering final DON accumulation and limiting kernel damage associated with head scab 
infection. Average HT increased with additional cycles of sorter selection; this indicates 
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that optically sorting grain to enhance head scab resistance may be most appropriate during 
pre-breeding (germplasm improvement) for FHB resistance, not improved agronomic 
characteristics. At the least, FDKos values obtained by optically sorting grain can be used 
as an additional consideration during germplasm development (selecting parent breeding 
material with enhanced head scab resistance). In addition, FDKos estimates can be utilized 
in conjunction with direct DON measurement to form a very successful selection index 
that effectively lowers DON accumulation and associated kernel damage traits over 
generations. The optical sorter selection method described herein should provide small 
breeding programs focused on delivering FHB resistant germplasm with information about 
a useful tool to identify and select head scab resistance in wheat and other small grains. 
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Table 2.1 Pedigrees for the five crosses used in the sorter experiment. 
Cross Pedigree 
1 KY06C -11-3-10//Agripro COKER 9511/PEMBROKE 
2 KY06C -11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
3 KY06C-11-3-10//PEMBROKE/Excel 234 
4 KY06C-11-3-10//PEMBROKE/USG 3555 




Table 2.2 Mean DON, FDKvs, FDKos, DTH, Rating, and HT for each selection strategy and each selection cycle estimated using data 
collected during the final evaluation (2019), Lexington, KY. 
Selection 
Strategy 
C N DON FDKvs FDKos DTH Rating HT 
Within 
C1 54 1.1 ± 0.10 4.2 ± 0.27 20.9 ± 1.20 126 ± 0.40 6 ± 0.23 92 ± 1.71 
C2 54 1.1 ± 0.10 4.4 ± 0.27 20.7 ± 1.20 126 ± 0.40 5 ± 0.23 95 ± 1.71 
C3 54 1.1 ± 0.10 4.0 ± 0.27 18.7 ± 1.20 126 ± 0.40 5 ± 0.23 96 ± 1.71 
Among on 
FDKos 
C1 54 1.1 ± 0.10 4.2 ± 0.26 20.9 ± 1.20 126 ± 0.40 6 ± 0.22 92 ± 1.70 
C2 25 0.9 ± 0.15 4.0 ± 0.38 18.1 ± 1.77 127 ± 0.59 4 ± 0.33 100 ± 2.50 
C3 12 0.7 ± 0.22 3.7 ± 0.55 13.7 ± 2.55 126 ± 0.86 4 ± 0.47 106 ± 3.60 
Among on 
FDKvs 
C1 3 0.6 ± 0.24 3.4 ± 0.80 15.6 ± 4.89 131 ± 0.49 2 ± 0.24 106 ± 10.1 
C2 3 1.0 ± 0.24 4.1 ± 0.80 17.8 ± 4.89 130 ± 0.49 2 ± 0.24 103 ± 10.1 
C3 1 0.7 ± 0.41 5.1 ± 1.39 10.4 ± 8.46 129 ± 0.84 2 ± 0.40 108 ± 17.5 
Among on 
DON 
C1 19 0.6 ± 0.09 3.5 ± 0.39 18.6 ± 1.8 126 ± 0.72 5 ± 0.38 98 ± 2.82 
C2 9 0.7 ± 0.12 4.2 ± 0.56 18.9 ± 2.6 128 ± 1.05 3 ± 0.55 104 ± 4.09 
C3 5 0.4 ± 0.17 4.1 ± 0.75 20.9 ± 3.5 126 ± 1.41 4 ± 0.74 103 ± 5.49 
Among on 
Index 
C1 54 1.1 ± 0.10 4.2 ± 0.25 20.9 ± 1.25 126 ± 0.39 6 ± 0.24 92 ± 1.79 
C2 6 0.7 ± 0.31 3.8 ± 0.76 16.6 ± 3.76 128 ± 1.16 3 ± 0.71 107 ± 5.37 
C3 4 0.4 ± 0.38 3.3 ± 0.94 13.5 ± 4.61 127 ± 1.43 3 ± 0.87 110 ± 6.57 
C = selection cycle; C1 = 1st cycle of selection; C2 = 2nd cycle of selection; C3 = 3rd cycle of selection; N = number of lines selected in 
previous generation; (±) = standard error of the mean; DTH = number of days to heading; Rating = visual head scab rating (0-9); HT = 
plant height (cm); FDKvs = fusarium damaged kernels determined using a vacuum sorter (%); FDKos = fusarium damaged kernels 




Table 2.3 Mean DON, FDKvs, and FDKos for each selection strategy and each selection 
cycle expressed as a percentage of the resistant check cultivar KY02C-3005-25 estimated 
using data collected during the final evaluation (2019), Lexington, KY. 
Selection Strategy C 
DON as % 
KY02C-3005-
25 
FDKvs as % 
KY02C-3005-
25 




C1 145 168 220 
C2 145 176 218 
C3 145 160 197 
Among on FDKos 
C1 145 168 220 
C2 118 160 191 
C3 92 148 144 
Among on FDKvs 
C1 79 136 164 
C2 132 164 187 
C3 92 204 109 
Among on DON 
C1 79 140 196 
C2 92 168 199 
C3 53 164 220 
Among on Index 
C1 145 168 220 
C2 92 152 175 
C3 53 132 142 
C = selection cycle; C1 = 1st cycle of selection; C2 = 2nd cycle of selection; C3 = 3rd cycle 
of selection; FDKvs = fusarium damaged kernels determined using a vacuum sorter (%); 
FDKos = fusarium damaged kernels determined using an optical sorter (%); DON = 




Table 2.4 Broad sense heritability (H2) and 95% confidence interval (CI) for all phenotypic 
traits estimated using data collected from 2016-2018, Lexington, KY. 
Trait H2 LL UP 
DTH (days) 0.89 0.87 0.91 
Rating (0-9) 0.7 0.65 0.75 
HT (cm) 0.89 0.87 0.9 
FDKvs (%) 0.83 0.79 0.85 
FDKos (%) 0.68 0.62 0.74 
DON (ppm) 0.74 0.7 0.78 
H2 = broad sense heritability; LL = lower limit for 95% CI; UP = upper limit for 95% CI; 
DTH = number of days to heading; Rating = visual head scab rating (0-9); HT = plant 
height (cm); FDKvs = fusarium damaged kernels determined using a vacuum sorter (%); 





Table 2.5 Broad sense heritability (H2) and 95% confidence interval (CI) for all phenotypic traits by cycle of selection with an optical 
sorter using data collected from 2016-2018, Lexington, KY. 
 C0  C1  C2 
Trait H2 LL UP  H2 LL UP  H2 LL UP 
DTH (days) 0.91 0.89 0.93  0.93 0.92 0.94  0.93 0.91 0.94 
Rating (0-9) 0.74 0.68 0.78  0.62 0.54 0.69  0.62 0.55 0.67 
HT (cm) 0.76 0.71 0.8  0.75 0.7 0.79  0.94 0.93 0.95 
FDKvs (%) 0.87 0.84 0.89  0.79 0.74 0.82  0.79 0.76 0.82 
FDKos (%) N/A N/A N/A  0.84 0.8 0.87  0.73 0.68 0.77 
DON (ppm) 0.81 0.77 0.85  0.76 0.71 0.8  0.81 0.78 0.84 
C0 = base population (2016); C1 = 1st cycle of selection with optical sorter (2017); C2 = 2nd cycle of selection with optical sorter (2018); 
H2 = broad sense heritability; LL = lower limit for 95% CI; UP = upper limit for 95% CI; DTH = number of days to heading; Rating = 
visual head scab rating (0-9); HT = plant height (cm); FDKvs = fusarium damaged kernels determined using a vacuum sorter (%); 




Table 2.6 Broad sense heritability (H2) and 95% confidence interval (CI) for all phenotypic 
traits estimated using data collected in 2019, Lexington, KY. 
Trait H2 LL UP 
DTH (days) 0.97 0.95 0.98 
Rating (0-9) 0.91 0.87 0.94 
HT (cm) 0.94 0.91 0.96 
FDKvs (%) 0.8 0.71 0.85 
FDKos (%) 0.94 0.91 0.96 
DON (ppm) 0.91 0.87 0.94 
H2 = broad sense heritability; LL = lower limit for 95% CI; UP = upper limit for 95% CI; 
DTH = number of days to heading; Rating = visual head scab rating (0-9); HT = plant 
height (cm); FDKvs = fusarium damaged kernels determined using a vacuum sorter (%); 





Table 2.7 Broad sense heritability (H2) and 95% confidence interval (CI) for all phenotypic traits estimated by cycle of selection with 
an optical sorter using data collected in 2019, Lexington, KY. 
 C1  C2  C3 
Trait H2 LL UP  H2 LL UP  H2 LL UP 
DTH (days) 0.95 0.92 0.97  0.9 0.84 0.94  0.92 0.88 0.95 
Rating (0-9) 0.83 0.74 0.89  0.77 0.63 0.85  0.74 0.58 0.83 
HT (cm) 0.95 0.92 0.97  0.92 0.88 0.95  0.91 0.85 0.94 
FDKvs (%) 0.5 0.2 0.68  0.64 0.44 0.77  0.48 0.18 0.67 
FDKos (%) 0.91 0.86 0.94  0.88 0.8 0.92  0.89 0.83 0.93 
DON (ppm) 0.83 0.72 0.89  0.78 0.66 0.86  0.81 0.7 0.88 
C1 = 1st cycle of selection with optical sorter; C2 = 2nd cycle of selection with optical sorter; C3 = 3rd cycle of selection with optical 
sorter; H2 = broad sense heritability; LL = lower limit for 95% CI; UP = upper limit for 95% CI; DTH = number of days to heading; 
Rating = visual head scab rating (0-9); HT = plant height (cm); FDKvs = fusarium damaged kernels determined using a vacuum sorter 




Table 2.8 Means obtained using data from 2016-2018 for all phenotypic traits by year, Lexington, KY. The coefficient of variation, 
mean squares, and level of significance for year (Y), genotype (G), and year (Y) x genotype (G) are shown below the means for each 
trait evaluated. In each column, different letters denote significant differences according to a Tukey’s Honest Significant Difference 













2016 127 B 2 C 81 B 13.9 B N/A 12.6 A 
2017 115 C 4 B 95 A 18.8 A 13.1 B 8.7 B 
2018 132 A 5 A 95 A 18.8 A 25.0 A 8.8 B 
Year 49,223.72* 1,597.50* 41,738.62* 5,129.19* 50,391.24* 3,137.80* 
Genotype 75.68* 7.37* 563.87* 255.05* 299.37* 110.43* 
Y x G 7.82* 2.37* 71.39* 48.69* 89.05* 28.40* 
CV 1.09 33.60 6.31 30.69 38.00 33.40 
DTH = number of days to heading; Rating = visual head scab rating (0-9); HT = plant height (cm); FDKvs = fusarium damaged kernels 
determined using a vacuum sorter (%); FDKos = fusarium damaged kernels determined using an optical sorter (%); DON = 




Table 2.9 Means obtained using data from 2019 for all phenotypic traits by selection cycle, Lexington, KY. The coefficient of variation, 
mean squares, and level of significance for selection cycle (C), genotype (G), and selection cycle (C) x genotype (G) are shown below 
the means for each trait evaluated. In each column, different letters denote significant differences according to a Tukey’s Honest 













C1 126 A 6 A 92 B 4.2 A 20.9 A 1.1 A 
C2 126 A 5 A 95 A 4.4 A 20.7 A 1.1 A 
C3 126 A 5 A 96 A 4.0 A 18.7 B 1.1 A 
Selection Cycle 0.78 ns 2.72 ns 463.80* 4.52 ns 150.60* 0.07 ns 
Genotype 42.27* 15.02* 847.90* 17.30* 403.29* 2.60* 
C x G 1.78* 1.40 ns 50.86* 3.23 ns 32.81* 0.29* 
CV 0.87 21.13 5.03 45.73 20.10 39.39 
DTH = number of days to heading; Rating = visual head scab rating (0-9); HT = plant height (cm); FDKvs = fusarium damaged kernels 
determined using a vacuum sorter (%); FDKos = fusarium damaged kernels determined using an optical sorter (%); DON = 







Figure 2.1 Air separation machine used for fusarium damaged kernels 
determined using a vacuum sorter (FDKvs) determination and instructions 







Figure 2.2 Diagram of the optical sorter and stepwise instructions used 







Figure 2.3 Diagram of the five selection strategies used in the experiment. 
Numbers in parentheses denote the number of lines selected from the previous 
generation. Green arrows symbolize the first, black arrows the second, and red 
arrows the third cycle of selection. No remnant seed was available from C0; 
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ABSTRACT: Previous results from our lab have shown that using an optical sorter to 
identify Fusarium head blight (FHB) resistant breeding lines was effective at reducing the 
toxin deoxynivalenol (DON) and FHB-associated kernel damage. In this paper we 
quantified the proportion of desirable genotypes at FHB resistance QTL in lines from three 
selection cycles of optical sorting. Breeding lines were genotyped at loci on chromosomes 
3BS, 2DL, and 5A using the following DNA markers: TaHRC, CFD233, and GWM304. 
TaHRC is a KASP marker for Fhb1, a major FHB resistance QTL on chromosome 3BS. 
CFD233 is an SSR marker for Qfhs.nau-2DL on chromosome 2DL. GWM304 is an SSR 
marker for Qfhs.ifa-5A on chromosome 5A. Sorter selection was effective at identifying 
lines that had the resistant genotype at TaHRC; in other words, the sorter was able to 
identify lines with resistance alleles at Fhb1. The sorter was less effective at selecting for 
the resistant genotype at CFD233 and GWM304. However, the proportion of lines with 
resistant genotypes at GWM304 did increase with additional sorter selection, just not to 
the degree that was observed for the Fhb1-associated marker. The proportion of lines with 
resistant alleles at CFD233 did not show a consistent trend. In addition to increasing the 
proportion of lines with Fhb1 and Qfhs.ifa-5A each selection cycle, optical sorter-based 
mass selection enhanced FHB resistance in different marker genotype combinations 
evaluated in this study. For example, there were net reductions in DON and kernel damage 
after two cycles of sorter selection in 15X110601S07002, a line with Fhb1, with Qfhs.nau-
2DL, and with Qfhs.ifa-5A; final C3 DON levels were 63% of the resistant check (KY02C-
3005-25). Kernel damage was also reduced in 15X110601A08221 a line without Fhb1, 
without Qfhs.nau-2DL, and without Qfhs.ifa-5A. Our findings suggest the increased 
resistance observed in different marker genotype combinations was conferred by QTL 
other than Fhb1, QFhs.nau-2DL, and Qfhs.ifa-5, and validate our previous results that the 




Wheat (Triticum aestivum L.), considered a staple crop in numerous cultures, is 
widely consumed around the world. The Foreign Agricultural Service (FAS) a division of 
the United States Department of Agriculture (USDA), projects global consumption of 
wheat to be over 750,000,000 metric tons in the 2019/2020 marketing year (USDA FAS, 
2020). As the world population and affluence continue to increase, the demand for staple 
crops like wheat is also expected to rise. Shiferaw et al. predicts a 60% increase in demand 
for wheat by the year 2050 (Shiferaw et al., 2013). Increasing wheat production to levels 
adequate enough to meet demand, while also mitigating contamination and other grain 
quality issues caused by plant diseases, is a major problem facing agricultural researchers 
today.  
Fusarium head blight (FHB), caused by Fusarium graminearum, is a plant disease 
that limits wheat production and contaminates grain. Yield reduction, due to FHB-
associated kernel damage, directly limits wheat production (Agostinelli et al., 2011). 
Damaged kernels also decrease market value due to reduced test weight and flour yield 
(McMullen et al., 1997). Deoxynivalenol (DON) accumulates in grain as a result of FHB 
infection; and, consumption of grain contaminated with DON is harmful to both humans 
and animals. DON toxicity symptoms include: nausea, vomiting, diarrhea, abdominal pain, 
headache, dizziness, fever, and, with enough exposure, death (Sobrova et al., 2010). 
Furthermore, no single management practice has provided complete suppression of FHB 
infection (Zhu et al., 2019). The most effective fungicide regimes provide at best 69% 
control for kernel damage and 54% control for DON (D’Angelo et al., 2014). Therefore, 
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enhancing genetic resistance to FHB via plant breeding is the most promising solution to 
DON accumulation and kernel damage. 
Quantitative trait loci (QTL) involved in FHB resistance have been identified on all 
21 wheat chromosomes (Steiner et al., 2017). Two of the strongest and best-validated are 
Fhb1 and Qfhs.ifa-5A, both of which were derived from ‘Sumai-3’ (Bai et al., 1999; 
Waldron et al., 1999; Anderson et al., 2001; Buerstmayr et al., 2003). Fhb1 was first 
described by Waldron et al. as Qfhs.ndsu-3B and later renamed (Waldron et al., 1999; Liu 
et al., 2006; Agostinelli et al., 2011). Fhb1 is a major effect QTL that confers strong Type 
II resistance to FHB in wheat and other small grains (Bai et al., 1999; Cuthbert et al., 2006; 
Petersen et al., 2017; Steiner et al., 2017; He et al., 2018; Zhu et al., 2019). Qfhs.ifa-5A 
contributes mainly to Type I FHB resistance (Buerstmayr et al., 2003; Steiner et al., 2019). 
An additional large effect resistance QTL is Qfhs.nau-2DL identified in the breeding line 
CJ9306 (Jiang et al., 2007a; Jiang et al., 2007b; Steiner et al., 2017). Qfhs.nau-2DL 
contributes to both Type I and II resistance (Agostinelli et al., 2011; Lu et al., 2013; Yi et 
al., 2018). Type I FHB resistance is defined as resistance to initial infection, whereas Type 
II is defined as resistance to disease spread within infected heads (Mesterhazy, 1995; 
Mesterházy et al., 1999).  
Fhb1, Qfhs.ifa-5A, and Qfhs.nau-2DL all have relatively stable effects and tightly 
linked DNA markers; thus, marker assisted selection (MAS) for these QTL has efficiently 
improved FHB resistance in adapted, high-yielding wheat germplasm (Steiner et al., 2017). 
In addition, wheat lines with acceptable FHB resistance can be developed through 
accumulation of several small effect QTL present in locally adapted germplasm, i.e. what 
is often termed ‘native resistance’ (Steiner et al., 2017). Accumulating numerous small 
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effect QTL in genetic backgrounds fixed for known major effect QTL should enhance FHB 
resistance in wheat germplasm and potentially other small grains. Therefore, a high-
throughput selection method is needed to gradually accumulate new small effect QTL 
while also enriching for major effect FHB resistance QTL.  
Optically separating diseased from non-diseased grain has been shown to have 
potential as an en masse selection method to identify and enhance FHB resistance (reduce 
DON and kernel damage) in wheat (Carmack et al., 2019). The objective of this study was 
to determine if optically sorting seed from breeding material segregating visually for FHB 
resistance over several generations increased the proportion of lines with resistance alleles 
at large effect QTL on 3BS, 2DL, and 5A. In addition to assessing the proportion of lines 
with the FHB resistance QTL each selection cycle, the average response to selection of all 
marker genotype combinations was examined, and the ability of optical sorter-based mass 
selection to enhance FHB resistance in individual lines with and without the R alleles at 
the three large effect QTL was demonstrated. 
3.2 Materials and Methods 
3.2.1 Plant and Fungal Material 
The plant material used in this study consisted of 300 F4 derived soft red winter wheat 
(SRWW) breeding lines with KY06C-11-3-10 (Reg. No. GP-965, PI 669817) in their 
pedigree. KY06C-11-3-10 is a SRWW germplasm line that carries exotic FHB resistance 
alleles from the Chinese spring wheat cultivar ‘Ning7840’ at QTL on chromosomes 3BS, 
5A, and 2DL; the line was created via accelerated backcrossing of these QTL into 
‘McCormick’, a domestic cultivar with nonexotic (native) moderate FHB resistance (Clark 
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et al., 2014). Backcrossing was performed by the University of Kentucky, University of 
Maryland, Virginia Polytechnic Institute and State University, North Carolina State 
University, and the USDA-ARS. The breeding lines used in this study differed in 
characteristics such as level of FHB resistance, heading date, height, and other agronomic 
traits. All plant material was grown at the University of Kentucky Spindletop Research 
Farm near Lexington, KY (38○7’37.81’’N, 84○29 44.85’’ W) from 2016-2019.  
The fungal material used in this study consisted of inoculum prepared using 27 F. 
graminearum isolates taken from scabby wheat seed collected at multiple locations across 
Kentucky, 2007–2010 (Bec et al., 2015). Inoculum was prepared by first allowing dry corn 
(Zea mays L.) kernels to imbibe water for approximately 16 hours. After 16 hours, corn 
kernels were autoclaved, inoculated with potato dextrose agar (PDA) plugs infected with 
F. graminearum, mixed with 0.2 g of streptomycin in 50 mL of sterile water, covered and 
allowed to incubate at room temperature (Balut et al., 2013). After complete colonization 
by the fungus (3 weeks), the corn kernels were spread onto a tarp and allowed to dry aided 
by a dehumidifier. After drying, inoculated corn kernels were placed in mesh bags and 
stored in a freezer at -18 ° C. All cultures were maintained, and inoculum was produced at 
the University of Kentucky Plant Science Building in Lexington, KY (38°1’36.1’’N, 
84°30’30.1’’W) from 2016-2019. 
3.2.2 Phenotyping and Genotyping Plant Material  
The breeding lines were phenotyped in an inoculated and irrigated scab nursery. The 
nursery provided the intense disease pressure needed for resistance evaluation and artificial 
selection. During all years of the experiment (2016-2019), at Feekes growth stage 8, 
approximately 21 days prior to flowering of the earliest material, corn kernels infected with 
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F. graminearum were broadcast throughout the nursery at a rate of 11.86 g m-2 (Gilbert 
and Woods, 2006; Balut et al., 2013). In addition to inoculating the field, an overhead 
irrigation system on an automatic timer was used to provide optimal moisture conditions 
for disease development, and the opportunity to evaluate and select for FHB resistance. 
The irrigation schedule was as follows: 5-minute periods every 15 minutes from 2000 to 
2045 h, 2100 to 2145 h, 0200 to 0245 h, 0500 to 0530 h, and 0830 h (Balut et al., 2013). 
The concentration of deoxynivalenol (DON) in ppm was determined by the University of 
Minnesota DON testing lab using gas chromatography with mass spectrometry GC-MS 
(Mirocha et al., 1998; Fuentes et al., 2005) each season. The proportion of Fusarium 
damaged kernels in a given sample estimated using an optical seed sorter (FDKos) was 
collected in all years except 2016; FDKos estimates were arrived at using methods 
developed by the University of Kentucky Wheat Breeding Program (Carmack et al., 2019).  
The breeding lines were genotyped at the Eastern Regional Small Grains Genotyping 
Laboratory in Raleigh, North Carolina, USA. DNA was isolated from each of the 300 
breeding lines and genotypes were determined at FHB resistance QTL using two SSR 
markers (Benson et al., 2012). The SSR markers used were as follows: CFD233 and 
GWM304. CFD233 is a SSR marker for QFhs.nau-2DL, a FHB resistance QTL on 
chromosome 2DL (Guyomarc'h et al., 2002; Löffler et al., 2009; Agostinelli et al., 2011; 
Balut et al., 2013; Kollers et al., 2013; Arruda et al., 2016). GWM304 is a SSR marker for 
Qfhs.ifa-5A, a FHB resistance QTL on chromosome 5A (Roder et al., 1998; Chen et al., 
2006; Liu et al., 2007; Arruda et al., 2016). In addition to the SSR markers, genotypes were 
obtained for 120 of the 300 breeding lines using one KASP marker (TaHRC); reactions 
were done following the manufacturer’s instructions. TaHRC is a KASP marker for Fhb1 
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on chromosome 3BS (Bernardo et al., 2011; Schweiger et al., 2016; Su et al., 2019). 
Previous findings from numerous labs have shown that DNA markers linked to Fhb1 are 
associated with material more resistant to DON accumulation (Roder et al., 1998; Waldron 
et al., 1999; Anderson et al., 2001; Zhou et al., 2002; Anderson et al., 2007; Wilde et al., 
2007; Liu et al., 2008; Salameh et al., 2010; Balut et al., 2013; Arruda et al., 2016; Prat et 
al., 2017). 
3.2.3 Optical Sorter-Based Mass Selection 
The optical sorter is a USDA/ARS and National Manufacturing Seed Sorter System 
that uses a high-throughput, high-resolution color camera in combination with compressed 
air to separate grain (Pasikatan and Dowell, 2003; Delwiche et al., 2005; Pearson et al., 
2008; Pearson, 2010). Each cycle of mass selection with the optical sorter was performed 
in a different year; therefore, the sorter was calibrated each year. Optical sorter calibration 
and operation was performed as described in Carmack et al., 2019. Figure 3.1 provides an 
example of the visual differences between Fusarium damaged (rejected) and asymptomatic 
(accepted) kernels used to calibrate the optical sorter.  
Experimental material was grown from 2016-2018 at Spindletop Research Farm in 
1 meter (m) rows spaced 30 centimeters (cm) apart arranged in a randomized complete 
block design (RCBD) with one resistant (KY02C-3005-25) and one susceptible (Pioneer 
Brand 2555) check cultivar repeated throughout the nursery. Cycles of selection 1, 2, and 
3 (C1; C2; C3) were evaluated collectively in 2019 at the same location using 1 m long six 
row miniplots arranged in a RCBD with the resistant and susceptible checks repeated 
throughout the field. Three replications per genotype were evaluated in 2018 whereas two 
replications were used in all other years.  
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During mass selection (2016-2018), each 1 m row was hand harvested with sickles 
and all plants in each row were bundled together to avoid mixing. Each bundle was threshed 
separately using a stationary threshing machine, and seed from all plants in the bundle were 
collected in bulk and optically sorted. After sorting, grain “accepted” by the sorter from 
each line/rep combination was comingled, sampled and then used to plant the subsequent 
generation. From 2016 to 2018, all lines were advanced to the next generation after sorting 
(within-line selection). In 2019, cycles 1, 2, and 3 from 54 of the 300 F4 derived lines were 
evaluated in an inoculated and irrigated head scab nursery. These lines were chosen 
because there was enough remnant seed from previous cycles of selection (C1 – C3) to 
allow all 3 generations to be planted collectively in 6 row miniplots in the head scab 
nursery. No remnant seed from the base population (C0) was available, and therefore C0 
was not grown in 2019. In addition to within-line selection, among-line selection was 
retroactively performed using phenotypic measurements obtained with the optical sorter 
(FDKos); among line selection decisions were based on FDKos values obtained from 
2016–2018. For among-line selection, candidates that had FDKos values greater than the 
resistant check (KY02C-3005-25) were dropped each cycle of selection. No among line 
selection was performed from C0 to C1, because FDKos was not recorded in 2016. From 
C1 to C2, and C2 to C3, any lines that had FDKos values greater than the resistant check 
were discarded. 
3.2.4 Data Analysis 
Mean DON and FDKos values were estimated for each breeding line by year using 
data collected during mass selection (2016-2018) and the following model: 
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Yijk = µ + Yi + R(Y)ij + Lk + Yi x Lk + ijk 
where Yijk = the observation in the ith year in the jth rep of the kth breeding line, µ = the 
overall mean, Yi = the effect of the ith year, R(Y)ij = the effect of the jth replication within 
the ith year, Lk = the effect of the kth breeding line, Yeari x Linek = the effect of the 
interaction of the ith year and the kth breeding line, ijk = the residual error. Since each year 
represents a different cycle of selection, it was necessary to nest replications in years. The 
model used to determine mean DON and FDKos values for each breeding line, marker 
genotype, and selection cycle using data collected during the final evaluation in 2019 was: 
Yijk = µ + Ci + Rj + Gk + Ci x Gk + ijk 
where Yijk = the observation in the ith cycle in the jth rep of the kth breeding line or marker 
genotype, µ = the overall mean, Ci = the effect of the ith selection cycle, Rj = the effect of 
the jth replication, Gk = the effect of the kth breeding line or marker genotype, Ci x Gk = 
the effect of the interaction of the ith selection cycle and the kth breeding line or marker 
genotype, ijk = the residual error.  
3.3 Results 
3.3.1 Optical sorter-based among line selection increased the proportion of breeding lines 
with Fhb1 
The results of FDKos among line selection presented in Table 3.1 are based on data 
obtained during the final evaluation (2019). Among line selection with the optical sorter 
resulted in a net decrease in overall DON concentration each cycle; overall FDKos values 
also decreased with each cycle of selection (Carmack et al., 2019). In addition to the 
observed decrease in cycle mean DON and FDKos, the proportion of TaHRC resistant (R) 
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genotypes increased with each additional round of sorter-based among line selection. 
Specifically, the proportion of lines with Fhb1 went from 48% to 92% after two rounds of 
sorter-based among line selection. Average cycle DON and FDKos for TaHRC R 
genotypes ranged from 0.7 to 0.8 ppm and 12.8 to 19.2% respectively. Not only did the 
proportion of TaHRC R genotypes increase, the proportion of TaHRC susceptible (S) 
genotypes decreased with additional cycles of optical sorter-based among line selection. 
When the study was initiated, prior to optical sorting, 37% of lines did not have Fhb1, and 
after two cycles of sorter-based among line selection 100% of the lines had at least one R 
allele at Fhb1. Average DON concentration was always higher in TaHRC S genotypes than 
in TaHRC heterozygous (H) or R genotypes and ranged from 1.6 to 1.8 ppm. FDKos ranged 
from 17.5 to 23.5%. The proportion of TaHRC H genotypes decreased each round of sorter-
based among line selection (from 15 to 12 to 8%). Mean DON concentrations for TaHRC 
H genotypes ranged from 0.3 to 0.8 ppm and FDKos values ranged from 19.7 to 25.1%. 
3.3.2 Optical sorter-based among line selection increased the proportion of breeding lines 
with FHB resistance QTL on chromosome 5A and not 2DL 
Similar to the pattern observed for TaHRC, optical sorter-based among line selection 
resulted in a net increase in the proportion of lines with R genotypes at GWM304 (the SSR 
marker for Qfhs.ifa-5A) each cycle of sorter selection (Table 3.1). The proportion of lines 
with GWM304 R genotypes went from 43 (C1) to 50% (C3). Mean DON for GWM304 R 
genotypes ranged from 0.7 to 0.9 ppm, and mean FDKos ranged from 17.5 to 21.1%. 
Furthermore, the proportion of lines with S genotypes for GWM304 decreased each cycle 
of selection: C1 = 46%, C2 = 44%, and C3 = 42%. In other words, sorter-based among line 
selection resulted in a shift from mostly S genotypes in C1 to majority R genotypes in C3. 
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This is a promising result. For GWM304 S genotypes, mean DON and FDKos ranged from 
0.5 to 1.3 ppm and 9.6 to 20.0% respectively. The proportion of GWM304 H genotypes 
increased (11 to 12%) after one round of sorter-based among line selection and then 
decreased (12 to 8%) with an additional round of selection. Mean DON concentrations for 
GWM304 H genotypes ranged from 0.2 to 1.2 ppm and FDKos values ranged from 10.8 
to 23.7%.  
In contrast with TaHRC (the KASP marker for Fhb1) and GWM304 (the SSR marker 
for Qfhs.ifa-5A), the proportion of lines with CFD233 R genotypes did not consistently 
increase and S genotypes did not decrease with additional optical sorter-based among line 
selection (Table 3.1). The proportion of R, H, and S genotypes for the QFhs.nau-2DL 
marker (CFD233) remained fairly constant with additional optical sorter based-among line 
selection. Specifically, CFD233 R genotypes went from 35 to 33%, S genotypes went from 
56 to 59%, and H genotypes went from 9 to 8% after two rounds of sorter-based among 
line selection. DON ranged from 0.5 to 1.1 ppm for R, 0.7 to 1.0 ppm for S, and 1.1 to 2.2 
ppm for H genotypes. FDKos ranged from 9.0 to 21.6% for R, 16.7 to 20.5% for S, and 
10.8 to 20.2% for H genotypes. 
3.3.3 At least one individual line in each of the eight marker genotype combinations 
responded to optical sorter-based within line mass selection  
Individual lines in each of the eight marker genotype combinations responded to 
within line selection with the optical sorter. Mean DON and FDKos by cycle of selection 
for one individual line that responded to optical sorter-based within line selection from 
each marker genotype combination is presented in Table 3.3. Unexpectedly, DON and 
FDKos values increased each cycle of selection in line 15X110599S05176, an SRR 
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genotype. Line 15X110599S05176 was the only SRR genotype evaluated in 2019; it is 
possible that a different SRR line may have responded positively to selection (DON and 
FDKos lowered with additional selection). For the other seven genotype combinations 
(RRR, RRS, RSS, RSR, SSS, SSR, and SRS) the individual line represented in Table 3.3 
shows a net decrease in at least one target trait (DON and/or FDKos) each additional cycle 
of within line sorter selection. FDKos values ranged from 7.1 to 41.1% and DON 
concentrations from 0.2 to 3.7 ppm.  
3.4 Discussion 
On the basis of our previously published results and the results of this study, it is our 
opinion that optical seed sorter-based selection has potential to enhance FHB resistance 
(reduce DON accumulation and kernel damage) in SRWW. In this paper, we determined 
the effectiveness of the sorter at identifying breeding material with known FHB resistance 
QTL on chromosomes 3BS, 2DL, and 5A, by evaluating the proportion of desirable 
genotypes at the QTL in lines from three selection cycles of optical sorting. In addition to 
assessing the proportion of lines with the FHB resistance QTL on 3BS, 2DL, and 5A each 
selection cycle, the average response to selection of all marker genotype combinations was 
examined. Furthermore, the ability of optical sorter-based mass selection to enhance FHB 
resistance in individual lines with and without the R alleles at the FHB resistance QTL was 
demonstrated. 
Sorter selection was very effective at identifying lines that had the resistant genotype 
at TaHRC; in other words, the sorter was able to identify lines with resistance alleles at 
Fhb1 (Table 3.1). In addition to a net decrease in overall DON and FDKos each cycle, we 
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observed that sorter-based among line selection resulted in an increased proportion of 
TaHRC R genotypes and a decreased proportion of S genotypes with each additional round 
of selection. These results are not unexpected. The majority of major effect QTL detected 
for reduced DON accumulation, including Fhb1, co-located with QTL for reduced disease 
severity on plants preharvest or grains postharvest (Somers et al., 2003; Liu et al., 2012; 
Liu et al., 2013; Ágnes et al., 2014; Buerstmayr and Lemmens, 2015). Furthermore, Fhb1 
has been classified as a strong contributor to Type II FHB resistance, which is associated 
with reductions in Fusarium damaged kernels (Bai et al., 1999; He et al., 2018). The 
proportion of Fusarium damaged kernels determined with an optical sorter (FDKos) is a 
postharvest measure of disease severity on grain as well as an indicator of Type II FHB 
resistance; therefore, it is not surprising that optical sorter-based among line selection (lines 
with FDKos values greater than the resistant check were discarded each selection cycle) 
increased the proportion of lines with Fhb1 (a QTL known to be associated with reduced 
kernel damage). The increased proportion of lines with Fhb1, a QTL that has been shown 
time after to time to enhance head scab resistance in wheat and other small grains, validates 
our previous findings that optical sorter-based among line selection can be utilized to breed 
for lower DON and FHB-associated kernel damage (Carmack et al. 2019).  
The proportion of lines with a resistant genotype at GWM304 increased with 
additional sorter selection to a lesser degree than what was observed for TaHRC (Table 
3.1). We expected sorter-based among line selection to increase the proportion of 
GWM304 R genotypes similar to the pattern we saw with TaHRC, considering that 
Qfhs.ifa-5A, like Fhb1, is classified as a large effect FHB resistance QTL associated with 
reduced disease severity and DON content (Buerstmayr and Lemmens, 2015). Previous 
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studies have proposed a role for Qfhs.ifa-5A in reduced disease severity on plants 
preharvest or grains postharvest; however, different methods for estimating disease 
severity were used (Miedaner et al., 2006; Wilde et al., 2007; Kang et al., 2011). Miedaner 
et al., and Wilde et al. estimated FHB disease severity using a rating scale on plants 
preharvest, whereas Kang et al. estimated disease severity using a visual estimate of the 
percentage of Fusarium damaged kernels in a sample of grain postharvest (FDK). Rating 
was a visual estimate of the proportion of diseased heads in a plot from 0-9, where 0 = no 
heads showing disease symptoms and 9 = 90% of heads showing disease symptoms. FDK 
was estimated as the percentage of visually infected kernels in a sample, which included 
shriveled and discolored seeds. Both methods were different than disease severity 
determined with an optical sorter (FDKos). Optical sorter-based selection operated on 
detectable differences in seed color only, not seed shape/size or preharvest appearance of 
the plant. Furthermore, previous research has shown the QTL on 5A contributes mostly to 
Type I resistance, unlike Fhb1 which contributes to strong Type II resistance (Bai et al., 
1999; Buerstmayr et al., 2003; He et al., 2018; Steiner et al., 2019). Therefore, Qfhs.ifa-5A 
may be more involved in reducing physical kernel damage (shriveled seeds/FDK) and 
visible preharvest disease symptoms (rating), than differences in seed coat color as a result 
of FHB infection (FDKos). It appears Fhb1 may be heavily involved in expression of all 
three traits. This would explain the inability of the sorter to select for GWM304 R 
genotypes to the same degree as for TaHRC R genotypes. Although sorter selection did not 
increase the proportion of lines with R genotypes at GWM304 as was observed with 
TaHRC, sorter-based among line selection resulted in a shift from mostly S genotypes in 
C1 to majority R genotypes in C3. The results presented in Table 3.1 for GWM304 agree 
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with those for TaHRC and support the notion that optical sorter-based among line selection 
can be used to select for R genotypes and against S genotypes at known FHB resistance 
QTL.  
The sorter was not effective at selecting for the resistant genotype at the CFD233 
marker locus (Table 3.1). This was unexpected, because QFhs.nau-2DL is a large effect 
QTL associated with reduced kernel damage and DON accumulation just like Qfhs.ifa-5A 
and Fhb1 (Agostinelli et al., 2011; Balut et al., 2013). Agostinelli et al. and Balut et al. 
both proposed the QTL on 2DL reduced kernel damage and DON accumulation, and both 
estimated kernel damage using a vacuum seed sorter that separates healthy from diseased 
kernels on the basis of weight. Heavy kernels were considered healthy and lighter kernels 
were considered diseased. This method of estimating the proportion of Fusarium damaged 
kernels did not incorporate differences in seed color, which may explain the inability of 
sorter-based among line selection to gradually increase the proportion of R genotypes at 
CFD233. Interestingly, the QTL on 2DL contributes to Type I and II resistance (Agostinelli 
et al., 2011; Lu et al., 2013; Yi et al., 2018). Remember that the sorter effectively selected 
for strong Type II (Fhb1) and to a lesser degree Type I (QTL on 5A) resistance. Failure to 
select for a QTL shown to be involved in both Type I and II resistance may indicate 
QFhs.nau-2DL has less of an effect on FHB resistance in the genetic backgrounds utilized 
in this study compared to those of previously published results. Regardless, the optical 
sorter was not effective at selecting for lines with QFhs.nau-2DL (the proportion of lines 
with CFD233 R genotypes did not increase with additional rounds of selection) in our 
selection material.  
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Although optical sorter-based among line selection did not result in genotype 
proportions equal to optimum MAS results for all three markers, 92% of C3 lines selected 
based on FDKos had Fhb1, compared to 48% in the C1. These proportions are comparable 
to the best MAS results, in which 100% of lines would have the marker. Sorter-based 
among line selection resulted in a shift from mostly S genotypes in C1 (R = 43%; S = 46%) 
to majority R genotypes in C3 (R = 50%; S = 42%) for the QTL on 5A; unfortunately, the 
proportion of R and S genotypes for the QTL on 2DL did not show a consistent response. 
MAS would have resulted in a shift to all R genotypes. Therefore, MAS outperformed 
sorter-based among line selection at increasing the proportion of R genotypes at the three 
FHB resistance QTL. However, it did not reduce DON and FDKos values lower than 
sorter-based among line selection. For example, MAS (selecting only RRR lines) resulted 
in final DON concentrations greater and final FDKos values significantly greater than that 
of sorter-based among line selection: DON = 1.0 ± 0.4 ppm and FDKos = 27.0 ± 2.5% 
(Table 3.2) compared to DON = 0.7 ± 0.2 ppm and FDKos = 13.7 ± 2.6% (Table 3.1). In 
other words, phenotypic selection with the sorter outperformed genotypic selection with 
DNA markers. Phenotypic selection followed by genotypic selection did not consistently 
outperform phenotypic selection alone. None of the 12 C3 lines phenotypically selected 
with optical sorter-based among line selection were RRR; four lines were RRS and four 
lines were RSR (Table 3.4). Final mean DON and FDKos values for the RRS lines 
(identified using phenotypic followed by genotypic selection) were arithmetically less than 
those obtained via phenotypic selection alone (all 12 lines): DON = 0.5 ± 0.3 ppm and 
FDKos = 9.0 ± 1.8% (Table 3.4) compared to DON = 0.7 ± 0.2 ppm and FDKos = 13.7 ± 
2.6% (Table 3.1). However, final mean DON and FDKos for the RSR lines (identified 
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using phenotypic followed by genotypic selection) were arithmetically greater than those 
obtained via phenotypic selection alone (all 12 lines): DON = 0.9 ± 0.3 ppm and FDKos = 
17.7 ± 1.8% (Table 3.4) compared to DON = 0.7 ± 0.2 ppm and FDKos = 13.7 ± 2.6% 
(Table 3.1). Even though optical sorter-based among line selection did not achieve 
genotype proportions equal to that of MAS, sorter-based selection was necessary to achieve 
the greatest reductions in DON and FDKos. These results support the efficacy of the optical 
sorter as a useful breeding tool for head scab resistance in SRWW and add merit to the idea 
of using an optical sorter to mass select for quantitative seed color traits in wheat and other 
crops (Chiou et al., 1994; Lee et al., 1998; Delwiche et al., 2005; Goggi et al., 2006; Yang 
et al., 2009; Pearson, 2010; Brabec et al., 2017).  
In addition to the observed increase in the proportion of lines with Fhb1 and Qfhs.ifa-
5A as a result of each additional optical sorter-based among line selection cycle, optical 
sorter-based within line selection enhanced FHB resistance in certain genetic backgrounds 
(Table 3.2). For example, C1 FDKos values went from 235% of the resistant check to 236% 
and 191% in the C2 and C3 generations, respectively, for lines with the SSS genotype (lines 
without Fhb1 and the resistance QTL on chromosomes 2DL and 5A). These results indicate 
that sorter-based within line selection led to the accumulation of kernel damage resistance 
conferred by QTL other than the three reported in this paper, i.e. what is often termed 
‘native resistance’. SSR genotypes (lacked Fhb1 and 2DL) also responded to within line 
selection: DON accumulation was reduced from 193% of the resistant check in the C2 to 
155% in the C3 (no change occurred from C1 to C2). These results agree with FDKos results 
for SSS lines and suggest that sorter-based within line selection accumulated head scab 
resistance conferred by QTL other than those evaluated in this study. In addition, breeding 
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lines with the RRS genotype (with Fhb1 and QFhs.nau-2DL; without Qfhs.ifa-5A) 
responded even more to within line selection; C1 DON levels went from 141% of the 
resistant check to 106% and 84% of the resistant check in the C2 and C3 generations (Table 
3.2). C3 DON levels at 84% of the resistant check indicate that within line selection 
improved RRS genotypes on average from worse than the resistant check to better than the 
resistant check after just two cycles of selection. These results indicate that it is possible to 
use the sorter to select for resistance conferred by unknown QTL. 
Furthermore, there are some very promising individual lines shown in Table 3.3. For 
example, line 15X110601S07002 (RRR genotype) started with C1 DON at 86% of the 
resistant check and was at 63% in C3. FDKos also decreased from 332 to 224% of the 
resistant check after two cycles of sorter selection. Response to within line selection to the 
degree observed for line 15X110601S07002 indicates that sorter-based within line 
selection led to the accumulation of FHB-associated kernel damage resistance conferred 
by QTL other than Fhb1, QFhs.nau-2DL, and Qfhs.ifa-5A. Another line, 
15X110599S05047 (RSS genotype), ended up with C3 DON at 24% and FDKos at 93% of 
the resistant check. In addition, lines 15X110601A08053 (RRS genotype) 
and15X110599A06069 (RSR genotype) started with C1 DON levels above that of the 
resistant check and after two rounds of selection had C3 DON levels below that of the 
resistant check. These results indicate that although optical sorter-based within line 
selection did not improve all traits in all lines each cycle, within line progress was 
accomplished. This observation, when coupled with the generation (F4:5) in which selection 
started, suggests that it may be possible to use the sorter to significantly enhance head scab 
resistance in wheat. Genetic variation, necessary for progress in plant breeding, is less 
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within an F4 derived breeding line than, for example, an F2 population (Falconer, 1989). At 
a minimum, our results indicate further research that utilizes the optical seed sorter to 
enhance FHB resistance by accumulating numerous small-effect QTL (‘native resistance’) 
is both warranted and necessary. 
3.5 Conclusion 
Previous results from our lab have shown that using an optical sorter to identify FHB 
resistant breeding lines was effective at reducing the toxin deoxynivalenol and FHB-
associated kernel damage. In this study we examined whether optical sorter-based selection 
increased the proportion of lines with known FHB resistance QTL, and evaluated the 
response to selection of the different possible marker genotype combinations, producing a 
few key findings:  
1. Optical sorter-based among line selection increased the proportion of breeding lines with 
Fhb1 and Qfhs.ifa-5A, but not QFhs.nau-2DL. 
2. Phenotypic selection with the optical sorter for reduced DON and FDKos outperformed 
marker assisted selection (MAS); i.e., sorter-based selection was necessary to achieve the 
greatest reductions in DON and FDKos.  
3. Optical sorter-based within line mass selection enhanced FHB resistance in certain 
genetic backgrounds (RRR, RRS, RSS, RSR, SSS, SRR, SSR, and SRS), which suggests 
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Table 3.1 Shift in genotype proportions by DNA marker and selection cycle due to optical sorter-based (FDKos) mass selection estimated 
using data collected during the final evaluation (2019), Lexington, KY. 






G P FDKos DON 
 
P FDKos DON 
 
P FDKos DON   
C1 54 20.9 ± 1.2 1.1 ± 0.1 
R 48 19.2 ± 1.9 0.8 ± 0.1  35 21.6 ± 2.2 1.1 ± 0.2  43 21.1 ± 2.0 0.9 ± 0.2 
H 15 19.7 ± 3.4 0.8 ± 0.3  9 20.2 ± 4.4 1.5 ± 0.4  11 23.7 ± 4.0 1.2 ± 0.3 
S 37 23.5 ± 2.1 1.6 ± 0.2  56 20.5 ± 1.8 1.0 ± 0.2  46 20.0 ± 1.9 1.3 ± 0.2 
C2 25 18.1 ± 1.8 0.9 ± 0.2 
R 72 17.1 ± 1.9 0.7 ± 0.1  32 18.0 ± 2.9 0.7 ± 0.2  44 20.7 ± 2.4 0.7 ± 0.2 
H 12 25.1 ± 4.5 0.8 ± 0.3  8 14.9 ± 5.9 2.2 ± 0.4  12 14.4 ± 4.6 1.1 ± 0.4 
S 16 17.5 ± 3.9 1.8 ± 0.3  60 18.6 ± 2.1 0.8 ± 0.2  44 16.5 ± 2.4 0.9 ± 0.2 
C3 12 13.7 ± 2.6 0.7 ± 0.2 
R 92 12.8 ± 1.8 0.7 ± 0.2  33 9.0 ± 2.9 0.5 ± 0.4  50 17.5 ± 2.3 0.9 ± 0.3 
H 8 23.6 ± 5.9 0.3 ± 0.7  8 10.8 ± 5.8 1.1 ± 0.7  8 10.8 ± 5.6 0.2 ± 0.7 
S 0 N/A N/A  59 16.7 ± 2.2 0.7 ± 0.3  42 9.6 ± 2.5 0.5 ± 0.3 
TaHRC, KASP marker for Fhb1 on chromosome 3BS; CFD233, SSR marker for FHB resistance QTL on chromosome 2DL; GWM304, 
SSR marker for FHB resistance QTL on chromosome 5A; C, selection cycle; C1, 1st cycle of selection; C2, 2nd cycle of selection; C3, 3rd 
cycle of selection; N, number of lines selected in previous generation; G, genotype; R, resistant genotype; H, heterozygous genotype; 
S, susceptible genotype; P, the percentage of breeding lines each cycle with the corresponding genotype (%); ±, standard error of the 




Table 3.2 Means and standard errors for DON and FDKos for all marker genotype combinations by selection cycle estimated using 
phenotypic data collected during the final evaluation (2019), Lexington, KY. 
Cycle 3BS 2DL 5A FDKos 
FDKos as % 
KY02C-3005-25 
DON 
DON as % 
KY02C-3005-25 
C1 R R R 31.2 ± 2.5 328 1.0 ± 0.4 128 
C2 R R R 32.2 ± 2.5 339 0.9 ± 0.4 124 
C3 R R R 27.0 ± 2.5 284 1.0 ± 0.4 128 
C1 R R S 14.6 ± 3.9 154 1.1 ± 0.2 141 
C2 R R S 16.5 ± 3.9 173 0.8 ± 0.2 106 
C3 R R S 13.4 ± 3.9 141 0.6 ± 0.2 84 
C1 R S S 17.1 ± 5.6 180 0.5 ± 0.2 65 
C2 R S S 20.4 ± 5.6 215 0.5 ± 0.2 65 
C3 R S S 13.8 ± 5.6 145 0.5 ± 0.2 65 
C1 R S R 18.0 ± 3.6 189 0.6 ± 0.4 82 
C2 R S R 17.2 ± 3.6 181 0.8 ± 0.4 102 
C3 R S R 18.6 ± 3.6 196 0.8 ± 0.4 102 
C1 S S S 22.3 ± 2.4 235 1.3 ± 0.3 171 
C2 S S S 22.5 ± 2.4 236 1.5 ± 0.3 197 
C3 S S S 18.1 ± 2.4 191 1.4 ± 0.3 180 
C1 S R R 7.1 ± 2.5 74 0.5 ± 0.2 64 
C2 S R R 10.8 ± 2.5 114 0.7 ± 0.2 85 
C3 S R R 13.6 ± 2.5 143 0.6 ± 0.2 81 
C1 S S R 22.8 ± 3.8 240 1.5 ± 0.3 193 
C2 S S R 18.8 ± 3.8 198 1.5 ± 0.3 193 
C3 S S R 20.5 ± 3.8 215 1.2 ± 0.3 155 
C1 S R S 27.4 ± 7.3 288 2.2 ± 0.7 283 
C2 S R S 25.8 ± 7.3 271 1.9 ± 0.7 246 
C3 S R S 26.7 ± 7.3 282 2.1 ± 0.7 276 
Cycle, selection cycle; C1, 1st cycle of selection; C2, 2nd cycle of selection; C3, 3rd cycle of selection; 3BS, FHB resistance QTL on 
chromosome 3BS (Fhb1); 2DL, FHB resistance QTL on chromosome 2DL (QFhs.nau-2DL); 5A, FHB resistance QTL on chromosome 
5A (Qfhs.ifa-5A); R, resistant genotype; S, susceptible genotype; ±, standard error of the mean; FDKos, Fusarium damaged kernels 




Table 3.3 Response of individual lines to optical sorter-based within line selection by selection cycle estimated using phenotypic data 
collected during the final evaluation (2019), Lexington, KY. 
Line Genotype (3BS, 2DL, 5A) Cycle FDKos 
FDKos as % 
KY02C-3005-25 
DON 
DON as % 
KY02C-3005-25  
15X110601S07002 RRR 
C1 31.6 ± 4.9 332 0.7 ± 0.2 86  
C2 28.8 ± 4.9 303 0.7 ± 0.2 86 
 
C3 21.3 ± 4.9 224 0.5 ± 0.2 63  
15X110601A08053 RRS 
C1 37.5 ± 2.3 394 1.6 ± 0.5 208  
C2 37.1 ± 2.3 390 1.0 ± 0.5 127 
 
C3 36.5 ± 2.3 384 0.7 ± 0.5 93  
15X110599S05047 RSS 
C1 11.9 ± 1.0 125 0.3 ± 0.0 41 
 
C2 15.2 ± 1.0 159 0.3 ± 0.0 41  
C3 8.9 ± 1.0 93 0.2 ± 0.0 24  
15X110599A06069 RSR 
C1 22.9 ± 1.5 241 1.0 ± 0.3 126 
 
C2 13.5 ± 1.5 142 0.9 ± 0.3 116  
C3 20.5 ± 1.5 216 0.5 ± 0.3 63 
 
15X110601A08221 SSS 
C1 36.9 ± 2.2 388 1.1 ± 0.5 145  
C2 25.6 ± 2.2 269 2.3 ± 0.5 303  
C3 18.3 ± 2.2 192 2.1 ± 0.5 270 
 
15X110599S05176 SRR 
C1 7.1 ± 2.5 74 0.5 ± 0.2 64  
C2 10.8 ± 2.5 114 0.7 ± 0.2 86 
 
C3 13.6 ± 2.5 143 0.6 ± 0.2 81  
15X110601S07085 SSR 
C1 13.7 ± 0.3 144 1.6 ± 0.3 204  
C2 9.2 ± 0.3 97 1.2 ± 0.3 160  
C3 12.9 ± 0.3 135 0.8 ± 0.3 105  
15X110601A08142 SRS 
C1 41.1 ± 3.1 432 3.7 ± 0.4 480 
 
C2 27.6 ± 3.1 291 1.5 ± 0.4 197  
C3 35.8 ± 3.1 376 2.5 ± 0.4 322  
Line, experimental name for a specific F4 derived University of Kentucky SRWW breeding line; Genotype, the genotype combination 
at the marker loci on 3BS, 2DL, and 5A; R, resistant genotype; S, susceptible genotype; Cycle, selection cycle; C1, 1st cycle of selection; 
C2, 2nd cycle of selection; C3, 3rd cycle of selection; ±, standard error of the mean; FDKos, Fusarium damaged kernels determined using 




Table 3.4 Average DON and FDKos by marker genotype combination for the 12 C3 lines phenotypically selected with the optical sorter. 
Line Genotype (3B, 2D, 5A) FDKos 
FDKos as % 
KY02C-3005-25 
DON 
DON as % 
KY02C-3005-25 
15X110599S05115 HSR 23.6 ± 3.6 248 0.3 ± 0.5 34 
15X110601S07109 RHR 10.9 ± 3.6 114 1.0 ± 0.5 145 
15X110599S05057 




15X110599S05084 RSH 10.8 ± 3.6 114 0.2 ± 0.5 26 
15X110599A06211 




15X110599S05036 RSS 12.0 ± 3.6 126 0.5 ± 0.5 70 
Line, experimental name for a specific F4 derived University of Kentucky SRWW breeding line; Genotype, the genotype combination 
at the marker loci on 3BS, 2DL, and 5A; R, resistant genotype; S, susceptible genotype; H, heterozygous genotype; ±, standard error of 








Figure 3.1 Visual differences between Fusarium damaged and 
asymptomatic kernels used to calibrate the optical sorter. (A) Fusarium 
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ABSTRACT: Previous results from our lab have shown that optical sorter-based indirect 
selection reduced deoxynivalenol (DON) accumulation in soft red winter wheat (SRWW). 
In this paper we evaluate the efficacy of optical sorter-augmented genomic selection 
(OSA-GS) for lower DON accumulation at three selection intensities across two years. In 
total, 758 SRWW breeding lines were genotyped and then phenotyped in an inoculated 
Fusarium head blight (FHB) nursery. DON accumulation was measured on all breeding 
lines. FDKos, the proportion of Fusarium damaged kernels estimated using an optical 
sorter, was measured on 120 lines. FDKos data was used to train a genomic prediction 
model. Genomic estimated breeding values (GEBVs) for FDKos were computed for all 
lines without actual FDKos data. The top 20, 30, and 40% of lines without actual FDKos 
data were selected based on FDKos GEBVs. The same was done using actual measured 
DON values. Both strategies lowered DON, but traditional direct phenotypic selection 
based on actual DON values outperformed OSA-GS. In other words, phenotypic selection 
was necessary to achieve the greatest reductions in DON. However, using previously 
published cost estimates for the price of an optical sorter, DON analysis, and genotyping, 
we determined that OSA-GS required less financial investment than phenotypic selection 
based on measured DON. Taken together, our findings indicate that OSA-GS is a cost-
effective method for lowering DON accumulation and support the usefulness of an optical 




Fusarium head blight (FHB) of wheat (Triticum aestivum L.), caused by Fusarium 
graminearum, is a devastating disease that threatens wheat production by contaminating 
grain with mycotoxins. Deoxynivalenol (DON) is one of the primary mycotoxins that 
accumulates in grain as a result of FHB infection. Grain contaminated with DON is often 
discolored, and is toxic to both humans and non-ruminant animals (Sobrova et al., 2010). 
Unfortunately, none of the currently available FHB management options reduce DON 
accumulation by more than 54% (D’Angelo et al., 2014; Zhu et al., 2019). Therefore, 
mitigating DON accumulation via enhanced genetic resistance to FHB is a major problem 
facing wheat breeders today.  
Alas, FHB resistance in wheat is a complex quantitative trait, strongly influenced by 
the environment, with low to moderate heritability (Van Sanford, 2001). Wheat breeders 
have improved FHB resistance by capturing major effect QTL, like Fhb1, using marker 
assisted selection (Bai and Shaner, 1994; Niwa et al., 2014; Steiner et al., 2017). However, 
developing the molecular markers needed for marker assisted selection is often slow and 
costly. DON can also be quantified and successfully used as the basis for direct phenotypic 
selection, but testing is expensive and time consuming. That said, our lab has lowered DON 
accumulation in soft red winter wheat (SRWW) using an inexpensive optical seed sorter-
based breeding strategy that does not require DON testing or molecular markers (Carmack 
et al., 2019). In addition to reductions in DON accumulation, each cycle of selection based 
on FDKos (the proportion of Fusarium damaged kernels estimated using an optical sorter) 
increased the percentage of lines carrying Fhb1 (Carmack et al., 2020). Further research 
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aimed at lowering the cost of FHB resistance breeding that builds on our previously 
published optical sorter work is both warranted and necessary.  
An alternative to direct phenotypic selection based on DON measurements and 
marker assisted selection for major effect FHB resistance QTL is genomic selection (GS). 
GS computes genomic estimated breeding values (GEBVs) for each unphenotyped 
selection candidate by simultaneously estimating all locus, haplotype, or marker effects 
across the entire genome (Meuwissen et al., 2001). This, coupled with decreasing 
genotyping costs (Poland and Rife, 2012), has positioned GS as a potentially more cost-
effective breeding approach for quantitively inherited disease resistance than traditional 
phenotypic selection. DON response to GS has been reported previously in barley 
(Hordeum vulgare L.) (Sallam and Smith, 2016; Tiede and Smith, 2018). Tiede and Smith 
observed a decrease in average DON accumulation of approximately 2 ppm after two 
cycles of GS. Furthermore, Sallam and Smith successfully used FHB severity (an estimate 
of the number of diseased spikelets) GEBVs to lower DON accumulation by approximately 
6 ppm. A few studies have demonstrated the utility of GS for lowering DON accumulation 
in wheat by evaluating the accuracy of GEBVs for DON and other FHB associated traits 
(Rutkoski et al., 2012; Arruda et al., 2015). Unfortunately, DON response to GS was not 
reported. Therefore, research that evaluates the effectiveness of different GS schemes in 
reducing DON accumulation is needed in wheat.  
The primary objective of this study was to compare optical sorter-augmented 
genomic selection (OSA-GS) with direct phenotypic selection for lower DON 
accumulation in SRWW. In addition to assessing how DON accumulation responded to 
the different selection strategies, we examined the relative effectiveness of OSA-GS to 
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phenotypic selection by identifying the percentage of lines selected by both strategies and 
estimating the US dollar investment required to implement each approach using previously 
published cost assessments of an optical sorter, genotyping and DON analysis. 
4.2 Materials and Methods 
4.2.1 Plant Material 
The plant material used in this study consisted of 758 F4 derived SRWW breeding 
lines. One hundred twenty of the breeding lines were developed using an optical sorter 
(Carmack et al., 2019). The 120 sorter developed lines (hereafter referred to as SORT) 
were evaluated in Lexington, KY from 2017-2018 (SORT17 and SORT18). All SORT 
lines have KY06C-11-3-10 (Reg. No. GP-965, PI 669817) in their pedigree. KY06C-11-3-
10 is a SRWW germplasm line that carries exotic FHB resistance alleles from the Chinese 
spring wheat cultivar “Ning7840” on chromosomes 3BS, 5A, and 2DL (Clark et al., 2014). 
Six hundred thirty-eight of the breeding lines (UKY) were developed by the University of 
Kentucky SRWW breeding program. Three hundred fifty of the university developed 
breeding lines were evaluated in Lexington, KY in 2017 (UKY17); another 288 UKY lines 
were evaluated at the same location in 2018 (UKY18). The pedigree of each breeding line 
evaluated in this study is shown in Supplementary Table S4.1. 
4.2.2 Phenotyping 
All 758 breeding lines were grown in an inoculated and irrigated FHB nursery 
located in Lexington, KY; inoculation and irrigation were performed according to Balut et 
al. (Balut et al., 2013). In the FHB nursery (2017 & 2018), breeding lines were planted in 
1 m rows arranged in a randomized complete block design (RCBD) with one resistant 
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(KY02C-3005-25) and one susceptible (Pioneer Brand 2555) check cultivar repeated 
throughout the nursery. Three replications per genotype were used for the SORT18 lines, 
whereas two replications were used for everything else (SORT17, UKY17, and UKY18). 
Phenotypic measurements recorded in the FHB nursery each year were: DON and FDKos. 
DON concentration (ppm) was recorded for all 758 breeding lines (SORT, SORT17, 
SORT18, UKY, UKY17, and UKY18). DON analysis was conducted by the University of 
Minnesota DON testing lab using GC-MS (Mirocha et al., 1998; Fuentes et al., 2005). 
FDKos, the proportion of Fusarium damaged kernels estimated using an optical sorter, was 
recorded for only SORT, SORT17, and SORT18. FDKos estimates were determined using 
the method of Carmack et al. (Carmack et al., 2019). Supplementary Table S4.2 provides 
further clarification as to which traits were measured on which experimental units. 
4.2.3 Phenotypic Data Analysis 
Mean DON and FDKos were computed using data collected in the FHB nursery 
(2017-2018) and the following model:  
Yijk = µ + Yi + Rj + Gk + Yi x Gk + ijk  
where Yijk is the observation in the ith year of the jth rep of the kth genotype, µ is the overall 
mean, Yi is the effect of the ith year, Rj is the effect of the jth replication, Gk is the effect 
of the kth genotype, Yi x Gk is the effect of the interaction of the ith year and kth genotype, 
and ijk is the residual error. Genotypic and phenotypic variance components for DON and 
FDKos were estimated using the same model; computations were done with SAS and 




All 758 breeding lines were genotyped using the genotyping-by-sequencing (GBS) 
protocol of Poland et al. at the Eastern Regional Small Grains Genotyping Laboratory in 
Raleigh, North Carolina, USA (Poland et al., 2012a; Poland et al., 2012b). Single 
nucleotide polymorphism (SNP) calling and imputation were performed, as described by 
Verges et al. (2020), with the Tassel-5GBSv2 pipeline version 5.2.35 and Beagle v4.0 
respectively (Verges et al., 2020). The final number of SNPs utilized in this analysis was 
19,165. 
4.2.5 Genomic Prediction 
GEBVs were computed using ridge regression best linear unbiased prediction (RR-
BLUP) and the following mixed model: 
y = Xß + Zu +  
where y is a vector (n x 1) of phenotypic observations, X is a design matrix for the fixed 
effects with dimensions (n x p), ß is a vector (p x 1) of fixed effects, Z is a design matrix 
for the random marker effects with dimensions (n x m), u is a vector (m x 1) of random 
marker effects,  is a vector (n x 1) of residuals (Searle, 1997; Whittaker et al., 2000; 
Meuwissen et al., 2001; VanRaden, 2008; Ward et al., 2019). The variance structure of u 
and  are ~N(0, I 2u) and ~N(0, I 2) respectively, where I is an identity matrix with 
dimensions (n x n), 2u is the variance of the random marker effects, and 2 is the error 




4.2.6 Cross Validation 
SORT, SORT17, and SORT18 were each used to assess FDKos prediction 
accuracy by calculating the Pearson correlation coefficient between the observed 
phenotypic values and the GEBVs (predicted values) across 100 iterations of cross 
validation. A random sampling cross validation was performed, where 80% of the total 
lines were used as a training population and the remaining 20% were used as a validation 
population each iteration. Only the SORT, SORT17, and SORT18 lines (n=120 for each 
group) were each used to train the model individually. FDKos was not measured on UKY, 
UKY17, and UKY18; therefore, those lines could not be used for cross validation of 
FDKos GEBV prediction accuracy. 
4.2.7 Training and Validation Populations 
Three training populations (TPs) and 18 validation populations (VPs) were utilized 
in this analysis: SORT, SORT17, and SORT18 were each used as TPs, UKY, UKY17 and 
UKY18 were each used as VPs, and UKY, UKY17, and UKY18 were randomly subset 
into five VPs (n=200) each (Figure 4.1). Subset VPs were created by randomly choosing 
200 lines from the total number of lines in UKY, UKY17 or UKY18. The SORT TP was 
used to train a genomic prediction model to compute FDKos GEBVs for the UKY and five 
UKY subset VPs, the SORT17 TP was used to train a genomic prediction model to 
compute FDKos GEBVs for the UKY17 VP and the five UKY17 subset VPs, and the 
SORT18 TP was used to train a genomic prediction model to compute FDKos GEBVs for 
the UKY18 VP and the five UKY18 subset VPs.  
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4.2.8 Selection Strategies and Response to Selection 
Different selection strategies (phenotypic selection and OSA-GS) for lower DON 
accumulation were compared in this study (Figure 4.2). In addition, three selection 
intensities (20, 30 and 40%) were examined for each selection strategy. For direct 
phenotypic selection 20, 30 and 40% of lines from each subset VP were selected based on 
measured DON concentration (lines with lower DON were selected). A similar approach 
was used for indirect genomic selection (OSA-GS), where 20, 30 and 40% of lines from 
each subset VP were selected based on GEBVs (lines with lower predicted FDKos values 
were selected).  
DON response to selection (R) was calculated for each year, selection strategy, 
selection intensity, and subset VP combination as:  
R = H2•S 
where H2 is the broad sense heritability for DON, and S is the selection differential. Broad 
sense heritability (H2) estimates for DON and FDKos were computed as: 
H2 = 2g / 2p 
where 2g is the genotypic variance and 2p is the phenotypic variance. Selection 
differentials (S) were calculated as:  
S = µSelected - µBase 
where µSelected is the mean DON of lines selected with one of the selection strategies and 
µBase is the mean DON of all lines in the absence of selection. DON S, H2, and R estimates 
for each year, selection strategy, selection intensity, and subset VP combination are shown 
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in Supplementary Table S4.3. The average DON response to selection (DONR) for each 
year, selection strategy, and selection intensity combination was calculated as:  
DONR = R/n 
where R is DON response to selection for a year, selection strategy, selection intensity, and 
subset VP combination, and n is the number of VPs in that corresponding combination 
(n=5 in all scenarios). 
4.2.9 Comparing the relative effectiveness of indirect OSA-GS to direct phenotypic 
selection 
Small grain breeders routinely and successfully base selection of individuals with 
improved FHB resistance (lower DON accumulation) directly on phenotypic observations 
(DON measurements in ppm); therefore, all lines selected using phenotypic selection were 
assumed to be correctly selected. To compare the relative effectiveness of OSA-GS to 
phenotypic selection, the top 20% (a standard selection intensity commonly used by plant 
breeders) of the 638 UKY breeding lines tested in 2017 or 2018 (UKY), the 350 UKY 
breeding lines tested in 2017 (UKY17), and the 288 UKY breeding lines tested in 2018 
(UKY18) were selected using actual DON values; the same was done using FDKos 
GEBVs. Lines selected by both strategies (correctly selected) and lines selected only by 
OSA-GS (incorrectly selected) were identified and expressed as a percentage. As another 
way to compare the relative effectiveness of OSA-GS to phenotypic selection, we 
estimated the US dollar investment required to implement each approach using previously 
published cost assessments of an optical sorter (Pearson, 2010), genotyping (Poland and 




4.3.1 FDKos was positively correlated with DON 
The means, genotypic and phenotypic variance components, broad sense 
heritability estimates, and the phenotypic correlation for DON and FDKos by year are 
shown in Table 4.1. There was a strong positive correlation between FDKos and DON in 
2017 (0.80), a moderate positive correlation in 2018 (0.45), and a moderate positive 
correlation across years (0.48). Average FDKos was lowest in 2017 (12.7), highest in 2018 
(27.1), and 21.3 across years; interestingly, average DON was highest in 2017 (20.9), 
lowest in 2018 (10.8), and 15.9 across years. Both DON and FDKos were moderately to 
highly heritable in 2017, 2018 and across years. H2 estimates ranged from 0.94 in 2017 to 
0.78 across years for FDKos, and from 0.85 in 2017 and across years to 0.79 in 2018 for 
DON. All FDKos and DON H2 estimates shown in Table 4.1 agree with previously 
published heritability estimates for FDK (a visual estimate of the percentage of Fusarium 
damaged kernels) and DON from other studies (Clark et al., 2016; He et al., 2019).  
4.3.2 FDKos prediction accuracy was moderate to low 
The prediction accuracy for FDKos was variable (Figure 4.3). Mean prediction 
accuracy was moderate (0.43) in 2017, moderate to low (0.27) in 2018, and moderate to 
low (0.30) across years. Prediction accuracies ranged from 0.03 to 0.75 in 2017, -0.27 to 
0.62 in 2018, and -0.06 to 0.72 across years. 
4.3.3 Phenotypic and optical sorter-augmented genomic selection lowered DON 
The average DON response to selection (DONR) for each selection strategy by year 
and selection intensity is presented in Table 4.2. The five UKY17 subset VPs (UKY17VP1, 
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UKY17VP2, UKY17VP3, UKY17VP4, and UKY17VP5) were used to calculate DONR 
for each selection strategy and selection intensity combination in 2017; the five UKY18 
subset VPs (UKY18VP1, UKY18VP2, UKY18VP3, UKY18VP4, and UKY18VP5) were 
used to calculate DONR for each selection strategy and selection intensity combination in 
2018; and, the five UKY subset VPs (UKYVP1, UKYVP2, UKYVP3, UKYVP4, 
UKYVP5) were used to calculate DONR for each selection strategy and selection intensity 
combination across years. Phenotypic selection lowered DON accumulation in all 
scenarios evaluated. DONR attained with phenotypic selection ranged from -6.4 to -8.5 in 
2017, -3.4 to -4.5 in 2018, and -5.4 to -7.5 across years. Optical sorter-augmented genomic 
selection (OSA-GS) also lowered DON accumulation in all scenarios, albeit to a lesser 
degree than phenotypic selection. DONR achieved using OSA-GS ranged from -2.1 to -2.9 
in 2017, -0.2 to -1.2 in 2018, and -1.4 to -1.9 across years. DONR was lowest at the most 
stringent selection intensity (20%) and highest at the most relaxed (40%), for phenotypic 
selection and OSA-GS in 2017, 2018, and across years. 
4.3.4 Majority of lines selected using OSA-GS were not selected using phenotypic 
selection  
The percentage of lines correctly and incorrectly selected using OSA-GS by year 
are shown in Figure 4.4. Unfortunately, the majority of lines selected using phenotypic 
selection were not selected using OSA-GS. In 2017, 33% of lines were correctly selected 
using OSA-GS; whereas, 29% of lines were correctly selected using OSA-GS in 2018. 
Similar to what was observed for 2017, 25% of lines were selected by both OSA-GS and 
direct phenotypic selection across years. Our results are in line with Verges et al. (2020) 
who reported, at a selection intensity of 20%, 44% of lines selected based on DON GEBVs 
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were in common with those selected based on actual DON values (Verges et al., 2020). 
However, both results are in sharp contrast to the findings of Verges and Van Sanford 
(2020) who observed up to 75% of  lines selected for agronomic traits using GS in common 
with those selected using phenotypic selection (Verges and Van Sanford, 2020). 
4.3.5 Optical sorter-augmented genomic selection was cheaper than phenotypic selection  
The cost of implementing each selection strategy (OSA-GS and phenotypic 
selection) evaluated in this study is shown in Table 4.3. Based on previously published cost 
assessments of genotyping (Poland and Rife, 2012) and DON analysis (Robens and 
Cardwell, 2003), we arrived at estimates of $15 and $19 per sample for GBS and DON 
respectively. Using the price of an optical sorter from the literature (Pearson, 2010) and the 
number of sorter samples we analyzed each year of the study, we paid roughly $2,000/240 
samples = $8 per sample for FDKos in 2017, $2,000/360 samples = $6 in 2018, and 
$2,000/600 samples = $3 across years. The total cost of OSA-GS ranged from 
approximately $8,280 in 2018 to approximately $13,170 across years. The total estimated 
cost of implementing phenotypic selection was also less in 2018 ($10,944) and more 
expensive across years ($24,244). OSA-GS required less financial investment than 
phenotypic selection in 2017, 2018, and across years. 
4.4 Discussion 
On the basis of our previously published results and the results of this study, it is 
our opinion that optical sorter-augmented genomic selection (OSA-GS) is a useful tool for 
FHB resistance breeding (reducing DON accumulation) in SRWW. In this paper, we 
assessed FDKos prediction accuracy using cross validation and computed the average 
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DON response to selection (DONR) for OSA-GS and direct phenotypic selection. We also 
compared the relative effectiveness of OSA-GS to phenotypic selection by determining the 
percentage of lines selected using FDKos GEBVs that were also selected using measured 
DON values and estimating the US dollar cost required to implement each approach. 
The prediction accuracy for FDKos was assessed by calculating the Pearson 
correlation coefficient between the observed phenotypic values and the GEBVs (predicted 
values) across 100 iterations of cross validation; our results showed that FDKos GEBVs 
were computed with reasonable accuracy (Figure 4.3). Additionally, our estimates of 
FDKos prediction accuracy are in line with other previously published results that used 
cross validation in wheat (Rutkoski et al., 2012; Arruda et al., 2015). Authors of both of 
these studies arrived at prediction accuracies for FDK (a visual estimate of the percentage 
of Fusarium damaged kernels) of 0.80 and 0.46 respectively. We observed mean prediction 
accuracies for FDKos of 0.43 in 2017, 0.27 in 2018, and 0.30 across years. Our 2017 
estimate of mean FDKos prediction accuracy is very similar to the moderate estimate of 
FDK prediction accuracy arrived at by Rutkoski et al. (2012). However, our 2018 and 
across years estimates of mean FDKos prediction accuracy are lower than the estimates of 
Rutkoski et al. (2012) and Arruda et al. (2015). Our highest prediction accuracies (0.75 in 
2017, 0.62 in 2018, and 0.72 across years) approach the high prediction accuracy observed 
by Arruda et al. (2015) and exceed the moderate prediction accuracy of Rutkoski et al. 
(2012). That said, our intention with this paper is not to add to the already abundant 
literature base on the topic of prediction accuracies in GS. Instead, we want to ask the 
question: can GS be cost-effectively applied to FHB resistance breeding? Therefore, we 
examined the usefulness of OSA-GS at reducing DON accumulation. 
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OSA-GS based on FDKos GEBVs produced a negative DONR in all scenarios 
examined in this study (Table 4.2) indicating that OSA-GS reduced DON accumulation, 
which was a primary goal of the study. Furthermore, our OSA-GS results agree with a 
previously published study that also evaluated indirect GS for lower DON accumulation 
(Sallam and Smith, 2016). Sallam and Smith successfully used FHB severity (an estimate 
of the number of diseased spikelets) GEBVs to select for lower DON accumulation in 
barley (R=-6.3). The DONR estimates we achieved using OSA-GS, which ranged from -
0.2 to -2.9 (Table 4.2), also support indirect GS for lower DON accumulation. In other 
words, our results echo those of Sallam and Smith, indicating that GEBVs for visual FHB 
traits can be used to select breeding material for lower DON accumulation. 
Although OSA-GS successfully lowered DON accumulation, phenotypic selection 
reduced DON accumulation significantly more than OSA-GS in all scenarios examined in 
this study (Table 4.2). Moreover, the majority of lines selected using actual DON values 
were not selected using OSA-GS (Figure 4.4). In other words, direct selection based on 
measured DON outperformed indirect OSA-GS based on FDKos GEBVs. This result is 
not surprising; whenever the product of the correlation coefficient and the ratio of the 
square roots of the heritabilities, also known as relative selection efficiency (e.g., RSE = 
rFDKos,DON•hFDKos/hDON), is < 1, direct selection response exceeds indirect selection response 
(Searle, 1965; Falconer, 1989). Using the heritability and correlation coefficient estimates 
from Table 4.1, we calculated relative selection efficiency (RSE) as: RSE = 
0.80•(0.97/0.92) = 0.84 in 2017, RSE = 0.45•(0.91/0.89) = 0.46 in 2018, and RSE = 
0.48•(0.88/0.92) = 0.46 across years. All estimates were <1; therefore, direct phenotypic 
selection was expected to outperform indirect selection in this study.  
88 
 
In addition to underperforming direct phenotypic selection, another potential 
limitation associated with OSA-GS is the requirement of an optical sorter. Our optical 
sorter is a USDA/ARS and National Manufacturing Seed Sorter System that uses a high-
throughput, high-resolution color camera in combination with compressed air to separate 
diseased and healthy grain (Pasikatan and Dowell, 2003; Delwiche et al., 2005; Pearson et 
al., 2008; Pearson, 2010). Clever engineers have assembled similar systems for less than 
$2,000 in parts (Pearson et al., 2008; Pearson, 2010). Therefore, a one-time investment of 
approximately $2,000, would provide the ability to record a trait useful for FHB resistance 
breeding (FDKos) and should be affordable for most public and private breeding programs. 
Taken with previously reported cost estimates of DON analysis (Robens and Cardwell, 
2003) and genotyping (Poland and Rife, 2012), this observation indicates selection based 
on FDKos GEBVs is a more cost-effective option for lowering DON accumulation than 
traditional direct selection based solely on phenotypic observations (Table 4.3). At a 
minimum, our results merit further research into the idea of indirect genomic selection for 
enhanced FHB resistance in SRWW. 
4.5 Conclusion 
Previous results from our lab have shown that using FDKos, the proportion of 
Fusarium damaged kernels estimated using an optical sorter, to identify FHB resistant 
breeding lines reduced DON accumulation. In this study we examined whether FDKos 
GEBVs could be utilized to reduce DON accumulation in genetically diverse breeding 
material, producing a few key findings:  
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1. Optical sorter-augmented genomic selection (OSA-GS) based on FDKos GEBVs 
reduced DON accumulation in all scenarios. 
2. Direct phenotypic selection for reduced DON accumulation outperformed OSA-GS in 
all scenarios; i.e., traditional plant breeding was necessary to achieve the greatest 
reductions in DON accumulation.  
3. OSA-GS required less financial investment than traditional direct phenotypic selection 
in all scenarios, which suggests indirectly selecting for lower DON using FDKos GEBVs 
(OSA-GS) is a more cost-effective way to enhance FHB resistance in SRWW. 
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Table 4.1 Means (x̄), genotypic (2g) and phenotypic variance (2p), broadsense heritability 
(H2), and the phenotypic correlation (r) for the proportion of Fusarium damaged kernels 
estimated using an optical sorter (FDKos) and deoxynivalenol (DON) measured in ppm by 
year. 
 2017  2018  Across Years 
 FDKos DON  FDKos DON  FDKos DON 
x̄ 12.7 20.9  27.1 10.8  21.3 15.9 
g 77.0 86.7  99.3 20.6  67.7 53.3 
p 82.0 101.9  120.2 26.1  86.6 62.7 
H2† 0.94 0.85  0.83 0.79  0.78 0.85 
r‡ 0.80*  0.45*  0.48* 
† H2 = 2g/2p 
‡ Pearson correlation coefficient between DON and FDKos 




Table 4.2 Average DON response to selection (DONR) for phenotypic selection and optical 
sorter-augmented genomic selection (OSA-GS) by selection intensity and year. 
Selection Intensity → 20% 30% 40% 
Year Selection Strategy Average DON response to selection (DONR) 
2017 
Phenotypic Selection -8.5 ± 0.2 -7.4 ± 0.2 -6.4 ± 0.1 
OSA-GS -2.9 ± 0.2 -2.6 ± 0.2 -2.1 ± 0.1 
2018 
Phenotypic Selection -4.5 ± 0.1 -3.9 ± 0.1 -3.4 ± 0.1 
OSA-GS -1.2 ± 0.1 -0.7 ± 0.1 -0.2 ± 0.1 
Across 
Years 
Phenotypic Selection -7.5 ± 0.1 -6.3 ± 0.1 -5.4 ± 0.1 




Table 4.3 Cost of implementing optical sorter-augmented genomic selection (OSA-GS) 
and phenotypic selection by year. 
Selection Method → OSA-GS Phenotypic Selection 
Year Analysis n† $/sample‡ n $/sample 
2017 
GBS 470 15 0 15 
FDKos 240 8 0 8 
DON 0 19 700 19 
Total ($) 8,970 13,300 
2018 
GBS 408 15 0 15 
FDKos 360 6 0 6 
DON 0 19 576 19 
Total ($) 8,280 10,944 
Across 
Years 
GBS 758 15 0 15 
FDKos 600 3 0 3 
DON 0 19 1276 19 
Total ($) 13,170 24,244 
† number (n) of samples analyzed. 













Figure 4.2 Diagram of the direct phenotypic selection and indirect optical sorter-
augmented genomic selection (OSA-GS) strategies for lower DON accumulation 
















Figure 4.4 Percentage of lines correctly and incorrectly selected using optical sorter-augmented 
genomic selection (OSA-GS) by year. A selection intensity of 20% was used. Lines determined 
correct, were selected by both OSA-GS and phenotypic selection. Lines determined incorrect, 




Supplementary Table S4.1 Pedigrees for each breeding line evaluated in the study. 
Experimental Material Breeding Line Pedigree 
SORT 15X110601A08229 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08224 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08223 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08221 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08220 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08213 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08212 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08203 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08194 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08184 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08180 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08176 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08174 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08159 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08158 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08142 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08139 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08137 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08131 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08127 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08120 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08118 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08111 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08104 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
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Experimental Material Breeding Line Pedigree 
SORT 15X110601A08093 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08089 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08053 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08042 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08037 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601A08014 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07162 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07154 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07150 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07149 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07147 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07142 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07137 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07136 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07135 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07130 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07122 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07117 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07114 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07109 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07097 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07085 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07078 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07065 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
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SORT 15X110601S07057 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07038 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07032 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07020 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07019 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07016 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07013 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07011 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07006 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07004 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07003 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110601S07002 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
SORT 15X110599A06218 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06211 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06202 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06181 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06171 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06161 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06158 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06157 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06154 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06153 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06138 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06130 KY06C-11-3-10//Pembroke/VA01W-558 
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SORT 15X110599A06128 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06121 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06106 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06104 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06102 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06098 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06096 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06095 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06085 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06079 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06069 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06068 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06051 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06047 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06039 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06038 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06024 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599A06004 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05176 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05175 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05174 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05151 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05146 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05144 KY06C-11-3-10//Pembroke/VA01W-558 
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SORT 15X110599S05142 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05141 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05131 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05124 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05123 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05121 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05117 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05116 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05115 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05109 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05107 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05102 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05095 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05094 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05088 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05084 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05069 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05057 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05047 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05039 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05036 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05034 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05032 KY06C-11-3-10//Pembroke/VA01W-558 
SORT 15X110599S05018 KY06C-11-3-10//Pembroke/VA01W-558 
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UKY17 X11-0004-3-4-3 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-0004-3-8-1 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-0004-3-14-1 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-0004-3-16-3 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-0004-3-17-1 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-0012-5-19-1 Pembroke//USG 3555 /Pembroke 
UKY17 X11-0012-6-8-5 Pembroke//USG 3555 /Pembroke 
UKY17 X11-0012-6-10-3 Pembroke//USG 3555 /Pembroke 
UKY17 X11-0012-6-17-1 Pembroke//USG 3555 /Pembroke 
UKY17 X11-0012-6-20-1 Pembroke//USG 3555 /Pembroke 
UKY17 X11-0012-7-5-1 Pembroke//USG 3555 /Pembroke 
UKY17 X11-0012-7-5-5 Pembroke//USG 3555 /Pembroke 
UKY17 X11-0012-7-8-5 Pembroke//USG 3555 /Pembroke 
UKY17 X11-0013-7-14-3 Pembroke//USG 3555 /KY97C-0508-01-01A-1 
UKY17 X11-0013-7-16-3 Pembroke//USG 3555 /KY97C-0508-01-01A-1 
UKY17 X11-0017-9-12-3 Pembroke//KY02C-3006-46/Pembroke 
UKY17 X11-0017-9-13-3 Pembroke//KY02C-3006-46/Pembroke 
UKY17 X11-0017-9-18-3 Pembroke//KY02C-3006-46/Pembroke 
UKY17 X11-0017-10-16-3 Pembroke//KY02C-3006-46/Pembroke 
UKY17 X11-0022-11-12-3 Pembroke//KY02C-3006-46/Branson 
UKY17 X11-0022-11-16-5 Pembroke//KY02C-3006-46/Branson 
UKY17 X11-0031-12-14-5 Pembroke//SS MPV-57/Excel 234 
UKY17 X11-0035-15-3-1 Pembroke//VA04W-90/KY02C-3004-02 
UKY17 X11-0035-15-4-1 Pembroke//VA04W-90/KY02C-3004-02 
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UKY17 X11-0042-15-14-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X11-0042-15-17-3 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X11-0042-16-2-5 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X11-0042-16-12-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X11-0042-17-1-5 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X11-0042-17-5-3 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X11-0042-17-5-5 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X11-0044-19-8-3 Branson//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-0049-21-1-5 Branson//Agripro COKER 9511/IL05-27522 
UKY17 X11-0049-21-6-1 Branson//Agripro COKER 9511/IL05-27522 
UKY17 X11-0049-21-11-5 Branson//Agripro COKER 9511/IL05-27522 
UKY17 X11-0052-22-11-3 Branson//USG 3555 /Pembroke 
UKY17 X11-0052-23-1-1 Branson//USG 3555 /Pembroke 
UKY17 X11-0052-23-14-1 Branson//USG 3555 /Pembroke 
UKY17 X11-0052-23-16-1 Branson//USG 3555 /Pembroke 
UKY17 X11-0052-23-17-5 Branson//USG 3555 /Pembroke 
UKY17 X11-0060-24-9-5 Branson//KY02C-3006-46/Agripro COKER 9511 
UKY17 X11-0083-25-19-5 Syngenta W1104//Pembroke/SS MPV-57 
UKY17 X11-0083-25-20-5 Syngenta W1104//Pembroke/SS MPV-57 
UKY17 X11-0083-26-6-3 Syngenta W1104//Pembroke/SS MPV-57 
UKY17 X11-0083-26-9-1 Syngenta W1104//Pembroke/SS MPV-57 
UKY17 X11-0083-26-11-3 Syngenta W1104//Pembroke/SS MPV-57 
UKY17 X11-0083-26-11-5 Syngenta W1104//Pembroke/SS MPV-57 
UKY17 X11-0083-27-1-3 Syngenta W1104//Pembroke/SS MPV-57 
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UKY17 X11-0090-29-2-5 Syngenta W1104//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-0095-30-20-1 Syngenta W1104//Agripro COKER 9511/IL05-27522 
UKY17 X11-0095-31-8-5 Syngenta W1104//Agripro COKER 9511/IL05-27522 
UKY17 X11-0095-31-10-1 Syngenta W1104//Agripro COKER 9511/IL05-27522 
UKY17 X11-0096-32-12-5 Syngenta W1104//Agripro COKER 9511/IL04-7942 
UKY17 X11-0103-37-11-1 Syngenta W1104//KY02C-3006-46/Pembroke 
UKY17 X11-0106-39-12-1 Syngenta W1104//KY02C-3006-46/Agripro COKER 9511 
UKY17 X11-0108-41-1-1 Syngenta W1104//KY02C-3006-46/Branson 
UKY17 X11-0108-41-3-1 Syngenta W1104//KY02C-3006-46/Branson 
UKY17 X11-0108-41-5-1 Syngenta W1104//KY02C-3006-46/Branson 
UKY17 X11-0108-41-6-3 Syngenta W1104//KY02C-3006-46/Branson 
UKY17 X11-0108-42-1-3 Syngenta W1104//KY02C-3006-46/Branson 
UKY17 X11-0149-47-8-1 Excel 234//KY02C-3006-46/Pembroke 
UKY17 X11-0152-49-6-3 Excel 234//KY02C-3006-46/Agripro COKER 9511 
UKY17 X11-0170-52-3-3 Excel 234//IL04-7942/SS MPV-57 
UKY17 X11-0170-53-13-1 Excel 234//IL04-7942/SS MPV-57 
UKY17 X11-0189-55-4-3 KAS 5058//KY02C-3005-25/SS MPV-57 
UKY17 X11-0205-56-6-5 KAS 5058//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY17 X11-0205-56-13-3 KAS 5058//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY17 X11-0217-58-7-5 KAS 5058//Branson/KY02C-3004-02 
UKY17 X11-0217-58-17-3 KAS 5058//Branson/KY02C-3004-02 
UKY17 X11-0235-59-16-3 VA05W-151//Excel 234/USG 3555 
UKY17 X11-0235-59-17-5 VA05W-151//Excel 234/USG 3555 
UKY17 X11-0244-61-11-1 VA05W-151//KY02C-3005-25/IL04-7942 
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UKY17 X11-0253-63-16-1 VA05W-151//USG 3555 /Pembroke 
UKY17 X11-0253-63-17-1 VA05W-151//USG 3555 /Pembroke 
UKY17 X11-0269-70-18-5 VA05W-151//KY02C-3004-02/SS MPV-57 
UKY17 X11-0289-71-14-1 KY02C-3004-07//Pembroke/IL05-27522 
UKY17 X11-0293-75-1-1 KY02C-3004-07//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0298-78-13-3 KY02C-3004-07//Excel 234/SS MPV-57 
UKY17 X11-0309-88-2-3 KY02C-3004-07//SS MPV-57/IL05-27522 
UKY17 X11-0309-89-6-5 KY02C-3004-07//SS MPV-57/IL05-27522 
UKY17 X11-0337-89-10-3 KY02C-3005-25//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0337-89-13-3 KY02C-3005-25//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0337-89-20-1 KY02C-3005-25//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0340-91-18-1 KY02C-3005-25//Excel 234/Agripro COKER 9511 
UKY17 X11-0341-94-15-5 KY02C-3005-25//Excel 234/Branson 
UKY17 X11-0353-97-5-1 KY02C-3005-25//SS MPV-57/IL05-27522 
UKY17 X11-0353-97-20-3 KY02C-3005-25//SS MPV-57/IL05-27522 
UKY17 X11-0374-104-13-5 KY02C-3005-25//USG 3350/VA04W-90 
UKY17 X11-0374-104-19-3 KY02C-3005-25//USG 3350/VA04W-90 
UKY17 X11-0374-105-8-1 KY02C-3005-25//USG 3350/VA04W-90 
UKY17 X11-0374-106-3-1 KY02C-3005-25//USG 3350/VA04W-90 
UKY17 X11-0374-106-6-1 KY02C-3005-25//USG 3350/VA04W-90 
UKY17 X11-0384-109-13-3 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-109-14-5 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-109-19-3 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-110-2-1 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
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UKY17 X11-0384-110-12-3 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-110-13-5 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-110-19-3 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-111-3-5 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-111-5-5 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-111-8-1 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-111-9-1 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0384-111-10-3 KY03C-1237-32//KY97C-0508-01-01A-1/Excel 234 
UKY17 X11-0385-111-13-5 KY03C-1237-32//KY97C-0508-01-01A-1/Pioneer 25R32 
UKY17 X11-0385-112-16-1 KY03C-1237-32//KY97C-0508-01-01A-1/Pioneer 25R32 
UKY17 X11-0385-112-16-3 KY03C-1237-32//KY97C-0508-01-01A-1/Pioneer 25R32 
UKY17 X11-0385-113-1-1 KY03C-1237-32//KY97C-0508-01-01A-1/Pioneer 25R32 
UKY17 X11-0387-113-8-3 KY03C-1237-32//Excel 234/Agripro COKER 9511 
UKY17 X11-0387-113-13-5 KY03C-1237-32//Excel 234/Agripro COKER 9511 
UKY17 X11-0387-114-3-3 KY03C-1237-32//Excel 234/Agripro COKER 9511 
UKY17 X11-0401-115-1-5 KY03C-1237-32//Agripro COKER 9511/Branson 
UKY17 X11-0401-115-5-1 KY03C-1237-32//Agripro COKER 9511/Branson 
UKY17 X11-0401-115-17-3 KY03C-1237-32//Agripro COKER 9511/Branson 
UKY17 X11-0401-115-18-1 KY03C-1237-32//Agripro COKER 9511/Branson 
UKY17 X11-0401-116-1-1 KY03C-1237-32//Agripro COKER 9511/Branson 
UKY17 X11-0414-116-8-5 KY03C-1237-32//KY02C-3006-46/Branson 
UKY17 X11-0414-116-11-3 KY03C-1237-32//KY02C-3006-46/Branson 
UKY17 X11-0414-116-18-5 KY03C-1237-32//KY02C-3006-46/Branson 
UKY17 X11-0414-116-19-3 KY03C-1237-32//KY02C-3006-46/Branson 
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UKY17 X11-0414-117-9-5 KY03C-1237-32//KY02C-3006-46/Branson 
UKY17 X11-0414-117-12-5 KY03C-1237-32//KY02C-3006-46/Branson 
UKY17 X11-0414-117-14-3 KY03C-1237-32//KY02C-3006-46/Branson 
UKY17 X11-0414-117-20-3 KY03C-1237-32//KY02C-3006-46/Branson 
UKY17 X11-0419-118-4-3 KY03C-1237-32//KY02C-3004-02/Branson 
UKY17 X11-0419-118-10-1 KY03C-1237-32//KY02C-3004-02/Branson 
UKY17 X11-0419-119-6-1 KY03C-1237-32//KY02C-3004-02/Branson 
UKY17 X11-0419-120-3-1 KY03C-1237-32//KY02C-3004-02/Branson 
UKY17 X11-0419-120-3-5 KY03C-1237-32//KY02C-3004-02/Branson 
UKY17 X11-0420-120-9-1 KY03C-1237-32//KY02C-3004-02/SS MPV-57 
UKY17 X11-0420-120-10-1 KY03C-1237-32//KY02C-3004-02/SS MPV-57 
UKY17 X11-0420-120-13-3 KY03C-1237-32//KY02C-3004-02/SS MPV-57 
UKY17 X11-0420-120-19-1 KY03C-1237-32//KY02C-3004-02/SS MPV-57 
UKY17 X11-0420-121-12-5 KY03C-1237-32//KY02C-3004-02/SS MPV-57 
UKY17 X11-0459-122-1-3 KY02C-1058-02//KY97C-0508-01-01A-1/Pioneer 25R32 
UKY17 X11-0459-122-19-3 KY02C-1058-02//KY97C-0508-01-01A-1/Pioneer 25R32 
UKY17 X11-0459-123-5-5 KY02C-1058-02//KY97C-0508-01-01A-1/Pioneer 25R32 
UKY17 X11-0464-123-17-3 KY02C-1058-02//Excel 234/SS MPV-57 
UKY17 X11-0464-123-18-5 KY02C-1058-02//Excel 234/SS MPV-57 
UKY17 X11-0464-124-16-1 KY02C-1058-02//Excel 234/SS MPV-57 
UKY17 X11-0482-125-13-1 KY02C-1058-02//KY00C-2567-01/Pioneer 25R32 
UKY17 X11-0482-126-12-1 KY02C-1058-02//KY00C-2567-01/Pioneer 25R32 
UKY17 X11-0510-128-1-1 KY02C-1058-02//IL04-7942/Pembroke 
UKY17 X11-0534-129-1-3 KY02C-2224-24//Excel 234/SS MPV-57 
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UKY17 X11-0577-131-11-3 KY02C-2224-24//VA04W-90/Pioneer 25R32 
UKY17 X11-0578-133-4-3 KY02C-2224-24//VA04W-90/Agripro COKER 9511 
UKY17 X11-0589-136-13-4 KY02C-2224-24//USG 3350/KY97C-0508-01-01A-1 
UKY17 X11-0597-138-7-3 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-138-10-3 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-138-11-3 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-138-15-3 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-138-16-3 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-138-18-3 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-138-19-1 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-139-2-1 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-139-4-1 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-139-5-3 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-139-6-5 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0597-139-7-3 Germplasm-11-3-10//Pembroke/Excel 234 
UKY17 X11-0598-140-3-3 Germplasm-11-3-10//Pembroke/USG 3555 
UKY17 X11-0598-140-4-3 Germplasm-11-3-10//Pembroke/USG 3555 
UKY17 X11-0598-140-6-3 Germplasm-11-3-10//Pembroke/USG 3555 
UKY17 X11-0599-141-10-5 Germplasm-11-3-10//Pembroke/VA06W-558 
UKY17 X11-0600-142-19-3 Germplasm-11-3-10//KY97C-0508-01-01A-1/USG 3555 
UKY17 X11-0600-142-20-1 Germplasm-11-3-10//KY97C-0508-01-01A-1/USG 3555 
UKY17 X11-0606-147-5-3 Germplasm-11-3-10//Agripro COKER 9511/Excel 234 
UKY17 X11-0606-147-5-5 Germplasm-11-3-10//Agripro COKER 9511/Excel 234 
UKY17 X11-3004-148-9-5 KY02C-1058-02/KY03C-1002-02 
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UKY17 X11-3004-148-11-5 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-148-16-5 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-148-18-1 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-148-19-5 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-148-20-1 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-149-7-5 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-149-8-1 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-149-10-3 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-149-11-5 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-149-12-3 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3004-149-17-3 KY02C-1058-02/KY03C-1002-02 
UKY17 X11-3009-150-6-3 KY02C-1058-02/KY03C-1237-32 
UKY17 X11-3009-150-8-1 KY02C-1058-02/KY03C-1237-32 
UKY17 X11-3024-152-3-3 KY02C-1058-02 / VA08W-294 
UKY17 X11-3024-153-6-5 KY02C-1058-02 / VA08W-294 
UKY17 X12-619-204-10-1 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-204-10-3 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-205-5-3 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-205-7-1 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-205-10-3 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-205-14-1 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-205-16-3 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-205-18-3 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-205-19-5 KY03C-1002-02/VA05W-151//KY03C-1002-02 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY17 X12-619-205-20-3 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-619-206-1-3 KY03C-1002-02/VA05W-151//KY03C-1002-02 
UKY17 X12-646-206-12-1 KY02C-1121-11/KY03C-1237-32//KY03C-1002-02 
UKY17 X12-646-206-16-1 KY02C-1121-11/KY03C-1237-32//KY03C-1002-02 
UKY17 X12-646-206-20-5 KY02C-1121-11/KY03C-1237-32//KY03C-1002-02 
UKY17 X12-646-207-2-1 KY02C-1121-11/KY03C-1237-32//KY03C-1002-02 
UKY17 X12-646-207-2-3 KY02C-1121-11/KY03C-1237-32//KY03C-1002-02 
UKY17 X12-621-207-16-3 VA08W-294//KY02C-2215-02/Excel 234 
UKY17 X12-621-208-1-3 VA08W-294//KY02C-2215-02/Excel 234 
UKY17 X12-621-208-6-1 VA08W-294//KY02C-2215-02/Excel 234 
UKY17 X12-621-208-7-3 VA08W-294//KY02C-2215-02/Excel 234 
UKY17 X12-606-209-15-3 SYNGENTA W1104//KY02C-1058-03/KAS 1200 
UKY17 X12-3016-1-1-1 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-4-1 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-6-1 SYNGENTA W1104/Shirley 
UKY17 X12-3010-1-9-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-1-10-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-1-12-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-1-15-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-1-16-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-1-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-2-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-3-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-4-1 KY03C-1237-39/Shirley 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY17 X12-3010-2-5-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-6-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-7-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-8-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-9-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-10-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-11-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-12-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-13-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-16-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-17-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-18-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-19-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-20-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-1-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-2-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-4-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-5-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-6-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-8-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-10-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-12-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-13-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-14-1 KY03C-1237-39/Shirley 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY17 X12-3010-3-15-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-18-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-20-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-1-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-2-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-3-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-4-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-6-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-8-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-9-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-10-1 KY03C-1237-39/Shirley 
UKY17 X12-3001-8-2-1 Shirley/IL06-14331 
UKY17 X12-3001-8-4-1 Shirley/IL06-14333 
UKY17 X12-3001-8-7-1 Shirley/IL06-14336 
UKY17 X12-3001-8-9-1 Shirley/IL06-14338 
UKY17 X12-3001-8-17-1 Shirley/IL06-14346 
UKY17 X12-3016-1-1-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-3-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-4-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-5-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-6-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-7-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-8-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-11-3 SYNGENTA W1104/Shirley 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY17 X12-3016-1-13-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-14-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-16-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-17-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-18-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-19-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-1-20-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-2-1-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-2-3-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-2-4-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-2-5-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-2-6-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-2-7-3 SYNGENTA W1104/Shirley 
UKY17 X12-3016-2-9-3 SYNGENTA W1104/Shirley 
UKY17 X12-3010-2-11-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-12-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-13-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-14-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-15-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-17-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-2-19-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-1-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-3-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-4-3 KY03C-1237-39/Shirley 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY17 X12-3010-3-5-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-6-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-8-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-9-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-11-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-12-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-14-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-15-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-17-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-18-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-19-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-20-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-2-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-3-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-4-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-5-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-6-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-7-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-9-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-10-3 KY03C-1237-39/Shirley 
UKY17 X11-3050-156-13-3 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-3050-157-3-3 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-3056-157-18-5 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-3056-157-19-3 Pembroke//Agripro COKER 9511/Pioneer 25R32 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY17 X11-3056-158-14-5 Pembroke//Agripro COKER 9511/Pioneer 25R32 
UKY17 X11-3061-159-3-3 Pembroke//USG 3555 /Pembroke 
UKY17 X11-3061-159-16-3 Pembroke//USG 3555 /Pembroke 
UKY17 X11-3061-160-3-1 Pembroke//USG 3555 /Pembroke 
UKY17 X11-3063-160-10-5 Pembroke//USG 3555 /Pembroke 
UKY17 X11-3063-160-19-5 Pembroke//USG 3555 /Pembroke 
UKY17 X11-3063-161-6-1 Pembroke//USG 3555 /Pembroke 
UKY17 X11-3091-164-9-5 Pembroke//USG 3555 /Pembroke 
UKY17 X11-3054-180-14-1 Pembroke//USG 3555 /Pembroke 
UKY17 X11-3182-181-1-3 Pembroke//USG 3555 /KY97C-0508-01-01A-1 
UKY17 X11-3231-191-19-3 Pembroke//USG 3555 /KY97C-0508-01-01A-1 
UKY17 X11-3200-192-18-3 Pembroke//KY02C-3006-46/Pembroke 
UKY17 X11-3203-196-9-1 Pembroke//KY02C-3006-46/Pembroke 
UKY17 X12-046-212-15-5 Pembroke//KY02C-3006-46/Pembroke 
UKY17 X12-050-213-12-3 Pembroke//KY02C-3006-46/Pembroke 
UKY17 X12-050-214-2-3 Pembroke//KY02C-3006-46/Branson 
UKY17 X12-183-217-11-5 Pembroke//KY02C-3006-46/Branson 
UKY17 X12-3010-1-17-1 Pembroke//SS MPV-57/Excel 234 
UKY17 X12-3010-1-18-1 Pembroke//VA04W-90/KY02C-3004-02 
UKY17 X12-3010-3-3-1 Pembroke//VA04W-90/KY02C-3004-02 
UKY17 X12-3001-4-14-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X12-3001-4-19-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X12-3001-4-20-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X12-3001-5-3-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY17 X12-3001-5-17-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X12-3001-6-10-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X12-3001-6-13-1 Branson//KY97C-0508-01-01A-1/IL04-7942 
UKY17 X12-3001-8-3-1 KY03C-1237-39/Shirley 
UKY17 X12-3001-8-13-1 KY03C-1237-39/Shirley 
UKY17 X12-3001-8-16-1 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-2-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-3-16-3 KY03C-1237-39/Shirley 
UKY17 X12-3010-4-1-3 KY03C-1237-39/Shirley 
UKY17 X12-3001-5-3-3 Shirley/IL06-14322 
UKY17 X12-3001-5-7-3 Shirley/IL06-14322 
UKY17 X12-3001-5-11-3 Shirley/IL06-14322 
UKY17 X10-0594-7-1-3 KY01C-1531-17//KY02C-3005-25/KY01C-1537-05 
UKY17 X10-0462-8-9-3 KY97C-0519-04-07//VA05W-78/COKER 9511 
UKY18 X11-0053-3-9-3 Branson//USG 3555 /KY97C-0508-01-01A-1 
UKY18 X11-0054-5-20-3 Branson//USG 3555 /Excel 234 
UKY18 X11-0039-1-7-3 Pembroke//VA04W-90/KY97C-0508-01-01A-1 
UKY18 X11-0057-7-6-5 Branson//KY02C-3006-46/Pembroke 
UKY18 X11-0039-1-17-5 Pembroke//VA04W-90/KY97C-0508-01-01A-1 
UKY18 X11-0054-4-2-3 Branson//USG 3555 /Excel 234 
UKY18 X11-0054-5-11-1 Branson//USG 3555 /Excel 234 
UKY18 X11-0054-4-4-5 Branson//USG 3555 /Excel 234 
UKY18 X11-0039-1-1-5 Pembroke//VA04W-90/KY97C-0508-01-01A-1 
UKY18 X11-0054-4-19-1 Branson//USG 3555 /Excel 234 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 X11-0053-2-19-3 Branson//USG 3555 /KY97C-0508-01-01A-1 
UKY18 X11-0057-7-8-3 Branson//KY02C-3006-46/Pembroke 
UKY18 X11-0104-8-4-1 Syngenta W1104//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY18 X11-0053-3-18-5 Branson//USG 3555 /KY97C-0508-01-01A-1 
UKY18 X11-0054-4-11-3 Branson//USG 3555 /Excel 234 
UKY18 X11-0054-4-20-3 Branson//USG 3555 /Excel 234 
UKY18 X11-0057-7-16-1 Branson//KY02C-3006-46/Pembroke 
UKY18 X11-0054-4-9-5 Branson//USG 3555 /Excel 234 
UKY18 X11-0057-7-14-3 Branson//KY02C-3006-46/Pembroke 
UKY18 X11-0054-4-17-5 Branson//USG 3555 /Excel 234 
UKY18 X11-0054-5-8-3 Branson//USG 3555 /Excel 234 
UKY18 X11-0054-5-5-3 Branson//USG 3555 /Excel 234 
UKY18 X11-0054-4-12-5 Branson//USG 3555 /Excel 234 
UKY18 X11-0054-4-16-5 Branson//USG 3555 /Excel 234 
UKY18 X11-0053-3-9-1 Branson//USG 3555 /KY97C-0508-01-01A-1 
UKY18 X11-0054-4-19-5 Branson//USG 3555 /Excel 234 
UKY18 X11-0039-1-2-5 Pembroke//VA04W-90/KY97C-0508-01-01A-1 
UKY18 X11-0104-8-5-1 Syngenta W1104//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY18 X11-0057-6-16-3 Branson//KY02C-3006-46/Pembroke 
UKY18 X11-0057-6-14-5 Branson//KY02C-3006-46/Pembroke 
UKY18 X11-0039-1-18-5 Pembroke//VA04W-90/KY97C-0508-01-01A-1 
UKY18 X11-0054-4-12-1 Branson//USG 3555 /Excel 234 
UKY18 X11-0249-17-1-1 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0120-12-4-3 Syngenta W1104//VA06W-558/SS MPV-57 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 X11-0010-9-16-3 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0249-17-5-5 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0104-8-11-5 Syngenta W1104//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY18 X11-0120-13-6-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0120-11-11-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0010-10-15-5 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0104-8-13-3 Syngenta W1104//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY18 X11-0225-14-5-3 KAS 5058//IL04-7942/SS MPV-57 
UKY18 X11-0120-12-4-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0104-8-9-5 Syngenta W1104//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY18 X11-0225-14-9-3 KAS 5058//IL04-7942/SS MPV-57 
UKY18 X11-0120-11-18-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0010-10-12-3 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0249-17-4-5 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0010-10-17-5 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0120-12-2-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0104-8-11-3 Syngenta W1104//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY18 X11-0225-14-9-5 KAS 5058//IL04-7942/SS MPV-57 
UKY18 X11-0120-13-8-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0010-10-14-1 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0010-10-9-5 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0010-9-17-3 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0104-8-12-3 Syngenta W1104//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY18 X11-0120-12-3-5 Syngenta W1104//VA06W-558/SS MPV-57 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 X11-0249-17-3-3 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0120-13-6-3 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0120-13-4-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0120-13-16-3 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0395-28-1-5 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0395-27-4-5 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0395-28-1-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0357-23-17-5 KY02C-3005-25//VA06W-558/Branson 
UKY18 X11-0395-27-9-5 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0395-28-12-5 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0395-28-5-5 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0395-27-1-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0249-17-11-3 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0395-28-15-1 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0249-17-9-3 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0395-28-17-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0308-19-7-1 KY02C-3004-07//SS MPV-57/Excel 234 
UKY18 X11-0326-22-17-5 KY02C-3004-07//USG 3350/KY97C-0508-01-01A-1 
UKY18 X11-0395-28-11-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0395-28-8-5 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0395-27-18-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0326-22-16-5 KY02C-3004-07//USG 3350/KY97C-0508-01-01A-1 
UKY18 X11-0326-21-12-1 KY02C-3004-07//USG 3350/KY97C-0508-01-01A-1 
UKY18 X11-0386-25-14-1 KY03C-1237-32//KY97C-0508-01-01A-1/USG 3350 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 X11-0395-28-10-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0386-26-9-5 KY03C-1237-32//KY97C-0508-01-01A-1/USG 3350 
UKY18 X11-0312-20-6-5 KY02C-3004-07//VA06W-558/Pembroke 
UKY18 X11-0357-24-13-5 KY02C-3005-25//VA06W-558/Branson 
UKY18 X11-0395-27-19-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0308-19-10-5 KY02C-3004-07//SS MPV-57/Excel 234 
UKY18 X11-0395-28-16-1 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0249-17-17-3 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0395-27-14-5 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0386-26-18-5 KY03C-1237-32//KY97C-0508-01-01A-1/USG 3350 
UKY18 X11-0312-20-4-3 KY02C-3004-07//VA06W-558/Pembroke 
UKY18 X11-0395-28-18-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0130-14-10-3 Excel 234//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-3296-40-1-3 Shirley/VA05W-151 
UKY18 X11-0180-19-1-3 KAS 5058//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0091-10-3-5 Syngenta W1104//Agripro COKER 9511/USG 3555 
UKY18 X11-0081-7-5-1 Syngenta W1104//Pembroke/USG 3555 
UKY18 X11-0130-13-12-1 Excel 234//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0081-8-7-1 Syngenta W1104//Pembroke/USG 3555 
UKY18 X11-3155-38-19-3 KY02C-1043-04/Syngenta W1104 
UKY18 X11-0130-13-7-3 Excel 234//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0192-24-5-3 KAS 5058//Agripro COKER 9511/USG 3555 
UKY18 X11-0181-21-8-3 KAS 5058//KY97C-0508-01-01A-1/KY02C-3004-02 
UKY18 X11-0130-13-2-3 Excel 234//KY97C-0508-01-01A-1/USG 3555 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 X11-0084-25-9-5 Syngenta W1104//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0185-22-4-5 KAS 5058//Excel 234/KY02C-3004-02 
UKY18 X11-3296-39-7-3 Shirley/VA05W-151 
UKY18 X11-0081-8-10-3 Syngenta W1104//Pembroke/USG 3555 
UKY18 X11-0395-28-19-3 KY03C-1237-32//Pioneer 25R32/SS MPV-57 
UKY18 X11-0003-2-20-3 Pembroke//Excel 234/KY02C-3004-02 
UKY18 X11-3023-32-1-5 KY02C-1058-02/VA05W-151 
UKY18 X11-0091-10-9-5 Syngenta W1104//Agripro COKER 9511/USG 3555 
UKY18 X11-3296-39-1-1 Shirley/VA05W-151 
UKY18 X11-0084-25-2-3 Syngenta W1104//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0084-25-1-5 Syngenta W1104//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0089-9-9-5 Syngenta W1104//Excel 234/KY02C-3004-02 
UKY18 X11-0089-9-19-3 Syngenta W1104//Excel 234/KY02C-3004-02 
UKY18 X11-0180-20-1-1 KAS 5058//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0091-10-14-3 Syngenta W1104//Agripro COKER 9511/USG 3555 
UKY18 X11-3155-38-10-3 KY02C-1043-04/Syngenta W1104 
UKY18 X11-3146-36-11-5 KY02C-2215-02/VA05W-151 
UKY18 X11-0185-23-7-5 KAS 5058//Excel 234/KY02C-3004-02 
UKY18 AC-2-7-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 161_UX1107-6-31-19-3 McCormick/UX0792-7-53 
UKY18 161_UX1107-6-31-4-3 McCormick/UX0792-7-53 
UKY18 153_UX1105-13-27-1-3 McCormick/UX0771-2-104 
UKY18 AC-8-4-1-1 KY06C-11-3-10//Pembroke/VA01W-558 
UKY18 153_UX1105-13-26-4-5 McCormick/UX0771-2-104 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 AC-12-16-1 KY06C-11-3-10//Agripro COKER 9511/Pembroke 
UKY18 161_UX1107-6-32-5-1 McCormick/UX0792-7-53 
UKY18 AC-2-17-1-1 KY06C-11-3-10//Pembroke/Excel234 
UKY18 161_UX1107-6-32-7-1 McCormick/UX0792-7-53 
UKY18 AC-7-12-5-5 KY06C-11-3-10//Pembroke/VA01W-558 
UKY18 161_UX1107-6-31-5-3 McCormick/UX0792-7-53 
UKY18 AC-2-14-3-3 KY06C-11-3-10//Pembroke/Excel234 
UKY18 153_UX1105-13-26-12-1 McCormick/UX0771-2-104 
UKY18 AC-5-11-3-3 KY06C-11-3-10//Pembroke/VA01W-558 
UKY18 161_UX1107-6-31-19-1 McCormick/UX0792-7-53 
UKY18 AC-2-7-3-3 KY06C-11-3-10//Pembroke/Excel234 
UKY18 AC-2-17-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 AC-7-7-3-3 KY06C-11-3-10//Pembroke/VA01W-558 
UKY18 153_UX1105-13-26-7-3 McCormick/UX0771-2-104 
UKY18 165_UX1107-10-32-17-5 McCormick/UX0792-7-53 
UKY18 161_UX1107-6-31-5-5 McCormick/UX0792-7-53 
UKY18 153_UX1105-13-27-8-1 McCormick/UX0771-2-104 
UKY18 AC-8-18-1-1 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
UKY18 X11-0243-15-16-5 VA05W-151//KY02C-3005-25/SS MPV-57 
UKY18 X11-0312-20-1-3 KY02C-3004-07//VA06W-558/Pembroke 
UKY18 X11-0357-23-12-1 KY02C-3005-25//VA06W-558/Branson 
UKY18 X11-0243-16-4-5 VA05W-151//KY02C-3005-25/SS MPV-57 
UKY18 X11-0249-17-2-3 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0010-9-3-3 Pembroke//Agripro COKER 9511/IL04-7942 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 X11-0312-20-3-3 KY02C-3004-07//VA06W-558/Pembroke 
UKY18 X11-0053-3-14-5 Branson//USG 3555 /KY97C-0508-01-01A-1 
UKY18 X11-0054-5-18-1 Branson//USG 3555 /Excel 234 
UKY18 X11-0104-8-8-5 Syngenta W1104//KY02C-3006-46/KY97C-0508-01-01A-1 
UKY18 X11-0120-11-10-1 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0120-11-10-3 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0039-1-14-3 Pembroke//VA04W-90/KY97C-0508-01-01A-1 
UKY18 X11-0010-9-2-5 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0120-12-18-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0120-13-9-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0120-13-12-1 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0120-11-2-1 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0054-4-3-5 Branson//USG 3555 /Excel 234 
UKY18 X11-0249-17-1-3 VA05W-151//Agripro COKER 9511/VA06W-558 
UKY18 X11-0243-15-16-3 VA05W-151//KY02C-3005-25/SS MPV-57 
UKY18 X11-0120-11-17-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0010-9-1-5 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0225-14-2-3 KAS 5058//IL04-7942/SS MPV-57 
UKY18 X11-0010-9-14-3 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0243-16-2-1 VA05W-151//KY02C-3005-25/SS MPV-57 
UKY18 X11-0120-13-19-5 Syngenta W1104//VA06W-558/SS MPV-57 
UKY18 X11-0053-3-8-3 Branson//USG 3555 /KY97C-0508-01-01A-1 
UKY18 X11-0010-9-4-5 Pembroke//Agripro COKER 9511/IL04-7942 
UKY18 X11-0120-11-14-3 Syngenta W1104//VA06W-558/SS MPV-57 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 X11-3023-32-2-3 KY02C-1058-02/VA05W-151 
UKY18 X11-3138-34-9-3 KY02C-2215-02/Syngenta W1104 
UKY18 X11-0130-14-7-5 Excel 234//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0357-24-3-5 KY02C-3005-25//VA06W-558/Branson 
UKY18 X11-0091-10-9-3 Syngenta W1104//Agripro COKER 9511/USG 3555 
UKY18 X11-0130-14-2-3 Excel 234//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0593-29-20-1 KY02C-2224-24//USG 3350/VA04W-90 
UKY18 X11-0137-16-17-5 Excel 234//Agripro COKER 9511/USG 3555 
UKY18 X11-0386-26-12-5 KY03C-1237-32//KY97C-0508-01-01A-1/USG 3350 
UKY18 X11-0091-11-10-3 Syngenta W1104//Agripro COKER 9511/USG 3555 
UKY18 X11-3023-32-7-5 KY02C-1058-02/VA05W-151 
UKY18 X11-0180-19-11-3 KAS 5058//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0091-10-19-5 Syngenta W1104//Agripro COKER 9511/USG 3555 
UKY18 X11-0386-26-2-3 KY03C-1237-32//KY97C-0508-01-01A-1/USG 3350 
UKY18 X11-0180-20-3-3 KAS 5058//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-3155-37-14-3 KY02C-1043-04/Syngenta W1104 
UKY18 X11-0593-29-18-5 KY02C-2224-24//USG 3350/VA04W-90 
UKY18 X11-0386-25-20-3 KY03C-1237-32//KY97C-0508-01-01A-1/USG 3350 
UKY18 X11-0162-18-18-1 Excel 234//Branson/KY02C-3004-02 
UKY18 X11-0091-10-16-3 Syngenta W1104//Agripro COKER 9511/USG 3555 
UKY18 X11-0130-13-1-3 Excel 234//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-3146-36-19-5 KY02C-2215-02/VA05W-151 
UKY18 X11-0386-25-19-5 KY03C-1237-32//KY97C-0508-01-01A-1/USG 3350 
UKY18 X11-0137-16-18-5 Excel 234//Agripro COKER 9511/USG 3555 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 X11-0593-30-10-3 KY02C-2224-24//USG 3350/VA04W-90 
UKY18 X11-0081-8-2-3 Syngenta W1104//Pembroke/USG 3555 
UKY18 X11-0089-9-2-5 Syngenta W1104//Excel 234/KY02C-3004-02 
UKY18 X11-0593-29-11-5 KY02C-2224-24//USG 3350/VA04W-90 
UKY18 X11-0593-30-13-1 KY02C-2224-24//USG 3350/VA04W-90 
UKY18 X11-3146-36-1-3 KY02C-2215-02/VA05W-151 
UKY18 X11-0084-25-19-1 Syngenta W1104//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0084-25-1-3 Syngenta W1104//KY97C-0508-01-01A-1/USG 3555 
UKY18 153_UX1105-13-26-1-1 McCormick/UX0771-2-104 
UKY18 155_UX1106-1-28-16-3 McCormick/UX0771-6-7 
UKY18 153_UX1105-13-26-2-5 McCormick/UX0771-2-104 
UKY18 153_UX1105-13-27-10-1 McCormick/UX0771-2-104 
UKY18 153_UX1105-13-27-1-1 McCormick/UX0771-2-104 
UKY18 153_UX1105-13-27-3-5 McCormick/UX0771-2-104 
UKY18 153_UX1105-13-27-4-5 McCormick/UX0771-2-104 
UKY18 X11-0185-22-13-1 KAS 5058//Excel 234/KY02C-3004-02 
UKY18 153_UX1105-13-27-7-5 McCormick/UX0771-2-104 
UKY18 153_UX1105-13-26-3-3 McCormick/UX0771-2-104 
UKY18 153_UX1105-13-27-10-3 McCormick/UX0771-2-104 
UKY18 X11-0084-25-10-3 Syngenta W1104//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0185-22-4-3 KAS 5058//Excel 234/KY02C-3004-02 
UKY18 161_UX1107-6-31-16-3 McCormick/UX0792-7-53 
UKY18 X11-0084-25-2-1 Syngenta W1104//KY97C-0508-01-01A-1/USG 3555 
UKY18 X11-0181-21-16-1 KAS 5058//KY97C-0508-01-01A-1/KY02C-3004-02 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 153_UX1105-13-26-16-1 McCormick/UX0771-2-104 
UKY18 161_UX1107-6-31-14-3 McCormick/UX0792-7-53 
UKY18 153_UX1105-13-27-19-3 McCormick/UX0771-2-104 
UKY18 X11-0181-21-6-5 KAS 5058//KY97C-0508-01-01A-1/KY02C-3004-02 
UKY18 160_UX1107-5-30-17-5 McCormick/UX0792-7-53 
UKY18 153_UX1105-13-27-5-1 McCormick/UX0771-2-104 
UKY18 155_UX1106-1-29-5-3 McCormick/UX0771-6-7 
UKY18 153_UX1105-13-26-11-3 McCormick/UX0771-2-104 
UKY18 X11-0180-20-8-3 KAS 5058//KY97C-0508-01-01A-1/USG 3555 
UKY18 155_UX1106-1-28-19-5 McCormick/UX0771-6-7 
UKY18 161_UX1107-6-31-1-1 McCormick/UX0792-7-53 
UKY18 331_UX1120-5-35-14-3 AGS2020/UX0771-2-104 
UKY18 071_UX1193-1-37-5-3 McCormick/UX0773-15-56 
UKY18 071_UX1193-1-37-4-5 McCormick/UX0773-15-56 
UKY18 AC-2-11-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 071_UX1193-1-37-2-3 McCormick/UX0773-15-56 
UKY18 080_UX1193-10-41-1-3 McCormick/UX0773-15-56 
UKY18 AC-2-4-1-1 KY06C-11-3-10//Pembroke/Excel234 
UKY18 074_UX1193-4-39-18-3 McCormick/UX0773-15-56 
UKY18 331_UX1120-5-36-18-5 AGS2020/UX0771-2-104 
UKY18 074_UX1193-4-39-15-3 McCormick/UX0773-15-56 
UKY18 083_UX1193-13-42-11-5 McCormick/UX0773-15-56 
UKY18 071_UX1193-1-37-1-5 McCormick/UX0773-15-56 
UKY18 168_UX1107-13-34-19-3 McCormick/UX0792-7-53 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 AC-1-12-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 331_UX1120-5-36-3-3 AGS2020/UX0771-2-104 
UKY18 080_UX1193-10-40-7-3 McCormick/UX0773-15-56 
UKY18 161_UX1107-6-32-1-3 McCormick/UX0792-7-53 
UKY18 071_UX1193-1-38-4-1 McCormick/UX0773-15-56 
UKY18 083_UX1193-13-42-12-3 McCormick/UX0773-15-56 
UKY18 AC-2-3-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 161_UX1107-6-32-2-1 McCormick/UX0792-7-53 
UKY18 071_UX1193-1-37-6-5 McCormick/UX0773-15-56 
UKY18 071_UX1193-1-38-1-1 McCormick/UX0773-15-56 
UKY18 AC-1-4-1-1 KY06C-11-3-10//Pembroke/Excel234 
UKY18 074_UX1193-4-39-18-1 McCormick/UX0773-15-56 
UKY18 AC-1-4-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 080_UX1193-10-40-9-5 McCormick/UX0773-15-56 
UKY18 071_UX1193-1-37-14-3 McCormick/UX0773-15-56 
UKY18 071_UX1193-1-37-7-5 McCormick/UX0773-15-56 
UKY18 AC-6-1-5-5 KY06C-11-3-10//Pembroke/VA01W-558 
UKY18 AC-5-8-5-5 KY06C-11-3-10//Pembroke/USG3555 
UKY18 AC-2-14-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 AC-4-8-1-1 KY06C-11-3-10//Pembroke/USG3555 
UKY18 AC-4-16-1-1 KY06C-11-3-10//Pembroke/USG3555 
UKY18 AC-2-18-1-1 KY06C-11-3-10//Pembroke/Excel234 
UKY18 AC-12-14-5-5 KY06C-11-3-10//Agripro COKER 9511/Pembroke 
UKY18 AC-7-19-3-3 KY06C-11-3-10//Pembroke/VA01W-558 
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Supplementary Table S4.1 Continued   
Experimental Material Breeding Line Pedigree 
UKY18 AC-6-13-5-5 KY06C-11-3-10//Pembroke/VA01W-558 
UKY18 AC-5-3-1-1 KY06C-11-3-10//Pembroke/USG3555 
UKY18 AC-9-20-3-3 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
UKY18 AC-10-9-3-3 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
UKY18 AC-11-11-1-1 KY06C-11-3-10//Agripro COKER 9511/Pembroke 
UKY18 AC-9-14-3-3 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
UKY18 AC-3-6-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 AC-9-14-5-5 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
UKY18 AC-11-14-3-3 KY06C-11-3-10//Agripro COKER 9511/Pembroke 
UKY18 AC-9-19-1-1 KY06C-11-3-10//KY97C-0508-01-01A-1/SS MPV-57 
UKY18 AC-5-7-5-5 KY06C-11-3-10//Pembroke/USG3555 
UKY18 AC-3-9-5-5 KY06C-11-3-10//Pembroke/Excel234 
UKY18 AC-6-18-1-1 KY06C-11-3-10//Pembroke/VA01W-558 




Supplementary Table S4.2 Representation of which traits were measured on which 
experimental material. 
Experimental Material FDKos DON 
SORT17 Yes† Yes 
SORT18 Yes Yes 
SORT Yes Yes 
UKY17 No‡ Yes 
UKY18 No Yes 
UKY No Yes 
† Yes, indicates that the proportion of Fusarium damaged kernels determined with an 
optical sorter (FDKos) or deoxynivalenol (DON) accumulation in ppm was measured on 
the corresponding experimental material (breeding lines).  





Supplementary Table S4.3 Deoxynivalenol (DON) selection differentials (S), broadsense heritability (H2) estimates, and response to 
selection (R) values for phenotypic selection and optical sorter-augmented genomic selection (OSA-GS) by year, subset validation 
population, and selection intensity. 












S H2 R 
Phenotypic Selection 2017 UKY17VP1 20% 25.2 15.2 -10 0.85 -8.5 
Phenotypic Selection 2017 UKY17VP2 20% 25.1 15.5 -9.6 0.85 -8.2 
Phenotypic Selection 2017 UKY17VP3 20% 24.9 14.9 -10 0.85 -8.5 
Phenotypic Selection 2017 UKY17VP4 20% 25.4 15 -10.3 0.85 -8.8 
Phenotypic Selection 2017 UKY17VP5 20% 25.5 15.5 -10.1 0.85 -8.6 
OSA-GS 2017 UKY17VP1 20% 25.2 22.2 -3 0.85 -2.6 
OSA-GS 2017 UKY17VP2 20% 25.1 21.4 -3.8 0.85 -3.2 
OSA-GS 2017 UKY17VP3 20% 24.9 20.8 -4.1 0.85 -3.4 
OSA-GS 2017 UKY17VP4 20% 25.4 23 -2.4 0.85 -2.1 
OSA-GS 2017 UKY17VP5 20% 25.5 21.9 -3.7 0.85 -3.1 
Phenotypic Selection 2017 UKY17VP1 30% 25.2 16.4 -8.8 0.85 -7.5 
Phenotypic Selection 2017 UKY17VP2 30% 25.1 16.8 -8.4 0.85 -7.1 
Phenotypic Selection 2017 UKY17VP3 30% 24.9 16.1 -8.7 0.85 -7.4 
Phenotypic Selection 2017 UKY17VP4 30% 25.4 16.5 -8.8 0.85 -7.5 
Phenotypic Selection 2017 UKY17VP5 30% 25.5 16.7 -8.8 0.85 -7.5 
OSA-GS 2017 UKY17VP1 30% 25.2 22.6 -2.5 0.85 -2.2 
OSA-GS 2017 UKY17VP2 30% 25.1 21.5 -3.6 0.85 -3.1 
OSA-GS 2017 UKY17VP3 30% 24.9 21.1 -3.8 0.85 -3.2 
OSA-GS 2017 UKY17VP4 30% 25.4 22.6 -2.8 0.85 -2.4 
OSA-GS 2017 UKY17VP5 30% 25.5 23 -2.6 0.85 -2.2 
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Supplementary Table S4.3 Continued       












S H2 R 
Phenotypic Selection 2017 UKY17VP1 40% 25.2 17.6 -7.6 0.85 -6.4 
Phenotypic Selection 2017 UKY17VP2 40% 25.1 18 -7.2 0.85 -6.1 
Phenotypic Selection 2017 UKY17VP3 40% 24.9 17.3 -7.6 0.85 -6.4 
Phenotypic Selection 2017 UKY17VP4 40% 25.4 17.8 -7.6 0.85 -6.5 
Phenotypic Selection 2017 UKY17VP5 40% 25.5 17.8 -7.7 0.85 -6.6 
OSA-GS 2017 UKY17VP1 40% 25.2 23 -2.2 0.85 -1.9 
OSA-GS 2017 UKY17VP2 40% 25.1 22.4 -2.7 0.85 -2.3 
OSA-GS 2017 UKY17VP3 40% 24.9 22.1 -2.7 0.85 -2.3 
OSA-GS 2017 UKY17VP4 40% 25.4 22.9 -2.4 0.85 -2.1 
OSA-GS 2017 UKY17VP5 40% 25.5 23.4 -2.2 0.85 -1.8 
Phenotypic Selection 2018 UKY18VP1 20% 11.7 5.8 -5.9 0.79 -4.6 
Phenotypic Selection 2018 UKY18VP2 20% 11.3 5.9 -5.4 0.79 -4.3 
Phenotypic Selection 2018 UKY18VP3 20% 11.6 5.8 -5.8 0.79 -4.6 
Phenotypic Selection 2018 UKY18VP4 20% 11.4 5.7 -5.7 0.79 -4.5 
Phenotypic Selection 2018 UKY18VP5 20% 11.4 5.7 -5.7 0.79 -4.5 
OSA-GS 2018 UKY18VP1 20% 11.7 10.6 -1.1 0.79 -0.8 
OSA-GS 2018 UKY18VP2 20% 11.3 9.5 -1.8 0.79 -1.4 
OSA-GS 2018 UKY18VP3 20% 11.6 10.3 -1.4 0.79 -1.1 
OSA-GS 2018 UKY18VP4 20% 11.4 9.6 -1.8 0.79 -1.4 
OSA-GS 2018 UKY18VP5 20% 11.4 9.7 -1.7 0.79 -1.3 
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S H2 R 
Phenotypic Selection 2018 UKY18VP1 30% 11.7 6.6 -5.1 0.79 -4 
Phenotypic Selection 2018 UKY18VP2 30% 11.3 6.6 -4.7 0.79 -3.7 
Phenotypic Selection 2018 UKY18VP3 30% 11.6 6.6 -5.1 0.79 -4 
Phenotypic Selection 2018 UKY18VP4 30% 11.4 6.4 -5 0.79 -4 
Phenotypic Selection 2018 UKY18VP5 30% 11.4 6.4 -5 0.79 -3.9 
OSA-GS 2018 UKY18VP1 30% 11.7 11 -0.7 0.79 -0.5 
OSA-GS 2018 UKY18VP2 30% 11.3 10.4 -0.9 0.79 -0.7 
OSA-GS 2018 UKY18VP3 30% 11.6 10.8 -0.9 0.79 -0.7 
OSA-GS 2018 UKY18VP4 30% 11.4 10.3 -1.2 0.79 -0.9 
OSA-GS 2018 UKY18VP5 30% 11.4 10.6 -0.8 0.79 -0.6 
Phenotypic Selection 2018 UKY18VP1 40% 11.7 7.3 -4.4 0.79 -3.5 
Phenotypic Selection 2018 UKY18VP2 40% 11.3 7.3 -4 0.79 -3.2 
Phenotypic Selection 2018 UKY18VP3 40% 11.6 7.3 -4.3 0.79 -3.4 
Phenotypic Selection 2018 UKY18VP4 40% 11.4 7.2 -4.3 0.79 -3.4 
Phenotypic Selection 2018 UKY18VP5 40% 11.4 7.1 -4.3 0.79 -3.4 
OSA-GS 2018 UKY18VP1 40% 11.7 11.6 -0.1 0.79 -0.1 
OSA-GS 2018 UKY18VP2 40% 11.3 10.8 -0.5 0.79 -0.4 
OSA-GS 2018 UKY18VP3 40% 11.6 11.4 -0.2 0.79 -0.2 
OSA-GS 2018 UKY18VP4 40% 11.4 10.9 -0.6 0.79 -0.4 
OSA-GS 2018 UKY18VP5 40% 11.4 11.3 -0.1 0.79 -0.1 
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Phenotypic Selection Across Years UKYVP1 20% 18.4 10.2 -8.2 0.85 -7 
Phenotypic Selection Across Years UKYVP2 20% 19.3 10.3 -9 0.85 -7.7 
Phenotypic Selection Across Years UKYVP3 20% 18.2 9.6 -8.6 0.85 -7.3 
Phenotypic Selection Across Years UKYVP4 20% 18.3 9.6 -8.8 0.85 -7.5 
Phenotypic Selection Across Years UKYVP5 20% 18.5 9.3 -9.2 0.85 -7.9 
OSA-GS Across Years UKYVP1 20% 18.4 15.9 -2.5 0.85 -2.1 
OSA-GS Across Years UKYVP2 20% 19.3 17 -2.3 0.85 -2 
OSA-GS Across Years UKYVP3 20% 18.2 16.5 -1.8 0.85 -1.5 
OSA-GS Across Years UKYVP4 20% 18.3 15.9 -2.5 0.85 -2.1 
OSA-GS Across Years UKYVP5 20% 18.5 16.3 -2.2 0.85 -1.9 
Phenotypic Selection Across Years UKYVP1 30% 18.4 11.5 -6.9 0.85 -5.9 
Phenotypic Selection Across Years UKYVP2 30% 19.3 11.6 -7.7 0.85 -6.6 
Phenotypic Selection Across Years UKYVP3 30% 18.2 11 -7.3 0.85 -6.2 
Phenotypic Selection Across Years UKYVP4 30% 18.3 10.8 -7.5 0.85 -6.4 
Phenotypic Selection Across Years UKYVP5 30% 18.5 10.7 -7.8 0.85 -6.6 
OSA-GS Across Years UKYVP1 30% 18.4 16.5 -1.9 0.85 -1.6 
OSA-GS Across Years UKYVP2 30% 19.3 17.2 -2.1 0.85 -1.8 
OSA-GS Across Years UKYVP3 30% 18.2 16.3 -2 0.85 -1.7 
OSA-GS Across Years UKYVP4 30% 18.3 16.9 -1.4 0.85 -1.2 
OSA-GS Across Years UKYVP5 30% 18.5 17.2 -1.3 0.85 -1.1 
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S H2 R 
Phenotypic Selection Across Years UKYVP1 40% 18.4 12.5 -5.9 0.85 -5 
Phenotypic Selection Across Years UKYVP2 40% 19.3 12.7 -6.6 0.85 -5.6 
Phenotypic Selection Across Years UKYVP3 40% 18.2 12.1 -6.2 0.85 -5.2 
Phenotypic Selection Across Years UKYVP4 40% 18.3 11.9 -6.4 0.85 -5.4 
Phenotypic Selection Across Years UKYVP5 40% 18.5 11.8 -6.7 0.85 -5.7 
OSA-GS Across Years UKYVP1 40% 18.4 16.9 -1.5 0.85 -1.3 
OSA-GS Across Years UKYVP2 40% 19.3 17.5 -1.8 0.85 -1.5 
OSA-GS Across Years UKYVP3 40% 18.2 16 -2.3 0.85 -1.9 
OSA-GS Across Years UKYVP4 40% 18.3 16.8 -1.6 0.85 -1.3 





How do we mitigate DON contamination and other grain quality issues associated 
with FHB infection? Genetic resistance. Three studies examining the efficacy of an optical 
seed sorter as a tool for accumulating and identifying genetic resistance to FHB have been 
presented in this dissertation: 1.) optical sorter-based mass selection for lower DON in F4 
derived breeding lines, 2.) the change in genotype frequencies and resistance levels as a 
result of optical sorter-based selection, and 3.) indirect genomic selection for lower DON 
using FDKos GEBVs. The overall goal was to evaluate the sorter as an alternative to direct 
DON testing for FHB resistance breeding.  
The first study examined optical sorter-based mass selection for reduced DON 
accumulation in 300 F4 derived SRWW breeding lines. All 300 breeding lines were grown 
in an inoculated FHB nursery over several years in Lexington, KY. Grain from each 
breeding line was sorted using an optical seed sorter calibrated to reject scabby (discolored) 
kernels and accept non-scabby kernels; FDKos was recorded to use for among line mass 
selection, and non-damaged (accepted) seed was used to plant subsequent generations 
(within line mass selection). Optical sorter-based within line mass selection (no lines were 
dropped each cycle) had no average effect on DON. Whereas, each cycle of optical sorter-
based among line mass selection (lines with FDKos values lower than the resistant check 
were selected) lowered DON. Although within line selection had no average effect, the 
result of among line selection suggests that optically sorting grain may be an effective 
strategy for identifying breeding lines with greater resistance to DON accumulation.  
The second study quantified the proportion of F4 derived SRWW breeding lines 
with desirable genotypes at FHB resistance QTL from all cycles of optical seed sorter-
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based selection. Breeding lines were genotyped at loci on chromosomes 3BS, 2DL, and 5A 
using the following DNA markers: TaHRC, CFD233, and GWM304. Optical sorter-based 
among line mass selection was effective at identifying lines that had the resistant genotype 
at TaHRC. In other words, the sorter was able to select lines with Fhb1, which indicates 
the sorter is almost as effective as marker assisted selection. Furthermore, optical sorter-
based within line mass selection enhanced FHB resistance in several different marker 
genotype combinations. There were net reductions in DON and kernel damage after two 
cycles of sorter selection in 15X110601S07002, a line with Fhb1, with Qfhs.nau-2DL, and 
with Qfhs.ifa-5A; final C3 DON levels were 63% of the resistant check (KY02C-3005-
25). Kernel damage was also reduced in 15X110601A08221 a line without Fhb1, without 
Qfhs.nau-2DL, and without Qfhs.ifa-5A. These findings suggest the increased resistance 
observed in different marker genotype combinations was conferred by QTL other than 
Fhb1, QFhs.nau-2DL, and Qfhs.ifa-5, indicate optically sorting seed has potential as a 
strategy for selecting FHB resistance in genetical variable breeding material, and add 
evidence the optical sorter can be used to identify SRWW breeding lines with greater 
resistance to DON accumulation. 
The third study evaluated the efficacy of optical sorter-augmented genomic 
selection (OSA-GS) for lower DON accumulation at three selection intensities across two 
years. An additional 638 University of Kentucky (UKY) breeding lines were genotyped 
using genotyping-by-sequencing (GBS) and then phenotyped in the FHB nursery. One 
hundred twenty of the 300 F4 derived lines were also genotyped using GBS. DON 
accumulation was measured on all 638 UKY breeding lines. FDKos data from the 120 F4 
derived lines was used to train a genomic prediction model. Genomic estimated breeding 
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values (GEBVs) for FDKos were computed for all UKY lines. The top 20, 30, and 40% of 
UKY lines were selected based on FDKos GEBVs. OSA-GS lowered DON; and, using 
previously published cost estimates for the price of an optical sorter, DON analysis, and 
GBS, we determined that OSA-GS was less expensive than direct phenotypic selection. 
These findings indicate that OSA-GS is a cost-effective method for lowering DON 
accumulation and further support the usefulness of an optical seed sorter as a tool for FHB 
resistance breeding in SRWW. 
In conclusion, this dissertation evaluated an optical seed sorter as a tool for breeding 
genetic resistance to FHB, producing a few key findings:  
1.) Optical sorter-based among line mass selection reduced DON and increased the 
percentage of lines with Fhb1 each cycle of selection, which suggests indirectly selecting 
for low DON based on FDKos may be an effective strategy for identifying FHB-resistant 
breeding lines.  
2.) Optical sorter-based within line mass selection enhanced FHB resistance (lowered DON 
and/or kernel damage) in several different genetic backgrounds, i.e., optically sorting grain 
has potential as a strategy for accumulating FHB resistance QTL in genetically variable 
breeding material.  
3.) Optical sorter-augmented genomic selection based on FDKos GEBVs reduced DON 
and was less expensive than traditional direct phenotypic selection in all scenarios 
evaluated, which supports optically sorting grain as a strategy for identifying FHB-resistant 
breeding lines and indicates selecting for lower DON using FDKos GEBVs is a cost-
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